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i. INTRODUCTION

i.i PURPOSE AND SCOPE OF STUDY

Hi_h-temperature, gas-cooled, fast-spectrum reactor technology is re-

viewed with reference to possible application for aircraft nro_ulsion. A

conceptual design is given for the reactor and associated comnonents to:

i. Determine current state-of-the-art canability

2. Identify problems or areas in which the current state-of-the-

art is not yet sufficiently advanced to meet the reeuJrements of

the application.

3. Identify the research and development work necessary to achieve

the desired levels of performance and reliability, and identify

such work currently underway.

The scope includes the reactor assembly and the _as-eirculation system

comDonents (excludin_ heat exchangers), and the materials used therein.

Farametric data are included for reactor sizin< and eor estimated fuel

crewt_t clue to fuel burnup and fission nroduct accumulation. Ton_itudinal

_d r_dial power distributions for ti,c reactor core are nre_c:tte(].

1.2 OPEPATIONAL CONSTRAINTS

The operational constraints imnosed by aircraft ann]icat_on, as set

forth by the eontractin_ a_ency, are summarized below:

i. Chemical Dower is used for any Flight re_u_re,n_,nt below an alti-

tude of 20,000 feet. If the aircraft descends below 20,000 feet,

transfer must be made from nuclear to chemical nower. Aetercoolin<

Dower is supplied by chemical fuel or other ext,erna] ener_), source.

2. Fission product release to the atmosphere _s not nerm_tted. Should

the aircraft crash, the reactor assembly must, be completely con-

tained within a vessel capable of withstan4_n_ the crash loads

and consequences of reactor shutdown without benefit of active

aftereoolin_. Conditions for the containment shel] _iven by

NASA Technical Direction are that it be capable of containin_

nressures of 1500 psi with a maximum wall temnerature of 3000°F

for i000 minutes.

3. Penetrations through the containment vessel (e._., for gas duets)

must be closed by valves that must operate and seal in not more

than 50 milliseconds if a crash is exnerienced. Reopenin_ of

the valves is not re_u_red, but they must be capable of re_ain-

ine pressure-tight for I000 m_nutes at 3000°V and 9or an indefi-

nite _eriod during and after subsequent cool_n<.
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,

Emergency shutdown of the reactor shall be completed withJn 20

seconds. This time shall include the removal of liquids such as

shield water and/or high pressure gas which may cause internal

_ressure at the containment vessel to exceed _ts 1500-psi design
criterion.

Unit-shieldin_ of the reactor is presumed. Shieldin_ of _as-duct

nenetrations reauires special attention to achieve optimum, design,

but is outside the sco_e of this study. It should be noted that

_as-duct shieldin_ and valve closure are closely interrelated and

may re_resent a significant mrohlem area, denendin_ upon dose rate

constraints or the decree to which local shield augmentation is

used outside the prima_r shield.

No constraints are imposed upon size, weight, or arrangement except that

the contafnment vessel is I0 feet in d_ameter and that as much s_ace as

oossible be made available between the reactor and containment shell for

shield material. These factors, _lus the identification of the _rob]em

areas and development requirements, are the _rinci_a] results to be deter-

mined by this study.

1.3 OVERALL SYSTEF _ ASSUMPTIONS

As s_ecified _n the work statement for this study, the reactor is

helium-cooled by means of a eas circuit directly connected to a helium-

to-air heat exchanger. The study indicates that the _as can be circulated

either by an externally Dowered blower or by a _s.s eenerator: _rinci_a!

attention is _iven to the b]ower cycle because of NACA interest for com-

parison with other comparable studies and because it is a simpler system

from an operational viewpoint.

The reactor conceptual design is derived from the desi_ technology

of the 710 Reactor Systems Project as developed under f_C Contract
AT(LO-I)-2847.

i.L DESIC?7-POII;T CONDITIONS I_OSED

The sr,ecified nominal reactor ooeratin_ condJtionn are as fo]]ows:

Power, _,_ 250

Coolant He] _tt_

Pressure at _nlet to pressure she]I, _si ]500

i_eli_m temperature, OF

At inlet to _ressure shell 900

At reactor exit (average) 1800

Minimum core lifetime, hours i000

Reactor structure and components ]_etime, _ours 2000

The desien values _or coolant nressure loss, m:_x_mum fuel element

temnerature, and fuel burnu_ fraction are established Yy the results of

this study.
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2. SUMMARY

2.1 OVERALL D'.'iSCRIPTION; _AJOR COMPOI{ENTS; ARRANGEMi':I]T_ AN.b OPERATION

As specified for this study, powerplant c_nponents consist of a

refractory-metal, fast-spectrum reactor supplying heat through a closed

inert gas circuit to propulsive turbomachinery by means of a heat ex-

changer, with _as circulation provided by an externally powered blower.

The basic elements are:

i. The reactor assembly inside a containment vessel with its

associated tungsten - water shield.

2. A gas circulator powered by an air turbine, using a shaft

penetration and seal.

3. A heat exchanger.

a. A pressure equalization system to balance the pressure level

of %he shield water inside the containment vessel with that

of the coolant gas.

5. A gas makeup supply.

b. Containment vessel shut-off valves.

These components are require<i for normal operation of th_ _,ower-

_lant. In addition, the need to restrict the maximum pressure level

inside the containment vessel in the event the aircraft should crash,

imposes the need for draining the shield wster from inside the vessel

and for reducing the helimn _as pressure as quickly a',;possible after

sbutdown. Accordingly, a pur}_e system to eliminate the water is re-

quired, and since this procedure is followed after each shutdown, gas

storable tanks to conserve the helium charge, as well as water storage

tanks, may be desirable.

The gas circulator must be arranged so that a separate air turOine

can be used to provide the shaft _;ower. The arrangement is dependen_

upon convenient access to ti_e air stream and upon inte<ration with the

primar_ gas loop so that neither the helium-duct nor the air-duct runs

oecome unnecessarily ]on_. A :_el,arat< set of '_ir tu_':.,<m_achinerv may

bt_ desirable so that the aftercooi[:, C function _['ter ]andir:_-. can be

proviffed independently of the pro;_uls[ve function of the primttry

en_Iines. The shaft-drive turbomachinery can be oper,'_ted ou cl_.emical

fuel to provide the aftercooi[n6 function.

,_. _: REACTO? DESIGF_ _ PI_OBLEMS _ AiH) A._,]',ooi,fl,I,'I

The reactor is a fast-spectrum, refractory-metal as:;embly of

hexa}_onal fuel elements with tubular coolant channels, usin:< ra_i:_!

]--



8

ret'iector removal for reactivity centre]. Tile fuel element materials

censisz of '.';-60U02 (vcl.',iJ) fully enriched UO 2 fueled matrix with

W-_Re-30'.<o (at.%) claddinK. Structural materials for tile reactor and

auctlng consist of Inconel 625. The reactor is ins/de a containment

vessel made of a tantalmm alloy, either T-ill or T-222. Tungsten -

water shielding is included between the reactor assemb]y and the con-

tainment vessel.

The reactor assembly is vertically supported from the top of the

containment vessel by a conical structure connected to a cylinder (the

structure used to separate the gas from the shield water) to which the

front tube sheet for support of the fuel elements is attached. The fuel

elements are suspended by a cantilever attachment from the front tube

sheet. The radial reflector is immersed in the shield water and is re-

movable by means of a venetian-blind- or shutter-type mechanism. To re-

strict the thickness of the cylindrical structure between the core and

radial reflector so as to provide the largest possible effect of reflec-

tor displacement on neutron leakage, the silield water J:_ pressuri_:ed to

approximately the same level as the coolant gas. The containment vessel

acts as the reactor pressure vessel.

Two _as ducts penetrate the vessel, one for the inlet and erie for

the discharge gas. quick acting, pneumatically actuated poppet valves

are integ.ral with the penetrations for providing absolute containment

of the reactor should the aircraft crash. Upon entering the vessel, the

cas is distributed by a scroll to multiple cylindrical ducts, each pas-

sin S throu<h the shield in a serpentine path to reduce the radiation

stre_c_in6 due to lumped voids. These ducts are connected to the inlet

plenum of the reactor; twelve ducts are used in the present conceptual

aesiFn, and the control actuators for the twelve shutter segments of the

radial reflector are nested between ti_e ducts. The y,as passes throu£h

ti_e reactor and out of the containment vessel by a duct arrangement

ecsen%ially identic_ml to that for the _nward path. This once-through

arrangement is possible because the thermal expansion or the _as ducts

is restricted in maRnitude by keepin_ the metal temperatures relatively

low. This is done by insulatin< and actively watcr-eoolin_ tl_e exit Kas

ducts and the flow divider between t}_e core and r_dLal reflector.

Tine r erformance levels achievable with available technology,

bases for these conclusions, factors limiting: perCormr_n:'._ _, fundmnental

orctlems, and areas re<uirin_ development are sun,:rJ,_rJz,.i in the follow-

inc _<ara:_-raphs for the reactor assembly, fuel elements_ and reactivity

control system.

2.2.1 Reactor As semblj,

A surmnary of pertinent design values for the reactor assembly is

<iven in Table 2.2.1. Ti_e range shown for loop pre,ssur{_ loss represents

the m_certainty associated primarily ,with non-reactor losses; accordingly,

the blower horsepower covers a correspondin_ rancc. Other values are

those either specified by the desicn requirements or derived duri_'c the

course of _he study. Ti_e reactor dimensions are ,_uch that a calculated

value of excess reactivity, based on ex_erimenta!]y correlate:_ ,mel,i:ods,
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TABLE 2.2.1

DESIGN VALUES FOR REACTOR ASSEMBLY

Loop pressure loss (A p/p) .................. 0. 045 - 0. 080

Blower power, hp .......................... 11, 000 -- 20,000

Reactor pressure loss, (APIP) .............. 0. 015

Total loss in containment vessel (AP/P) ...... 0. 030 - 0. 038

Thermal power, Mw ....................... 250

Maximum pressure level, psia .............. 1500

Temperature, °F

Helium, reactor inlet ..................... 900

reactor outlet .................... 1800

Maximum fuel surface (avg.) .............. 2180

Maximum fuel internal (avg.) .............. 2298

Maximum internal rise (avg.) ............. 127

Helium flow rate, lb/sec .................... 212.4

Active core dimensions, in.

Envelope diameter. ....................... 31.2

Equivalent circular diameter .............. 29.9

Length, active core ...................... 30.0

Total including front tube sheet .... 36.7

Radial reflector thickness ................. 5.0

Core volume fractions

Structure ............................... 0.103

Free flow and voids ....... _ .............. 0. 478

Fueled matrix (95% of theor, density) ...... 0. 419

Total ................................... 1. 000

Active core volume, in. 3 21,068

Free flow area (hot), in. 2........ ...°... . . 267.8

Coolant channels per element ................ 37

Elements per reactor ....................... 241

Fuel element pitch, in ...................... 1. 834

Fuel element across-flats width, in .......... 1. 730

Coolant channel pitch, in .................... 0. 2821

Coolant channel diameter (cold), in ........... 0. 192

Fuel cladding thickness, in .................. 0. 010

Average Burnup in 1000 hours, fissions/cm3.. 1.922 x 1020
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of 9._ percent is obtained. This is believed to be ad_quate for i_ru-

riding the necessary nuclear lifetime. ]{owever, _ critical experiment

with the actual geometry will be required to substantiate that sufficient

excess reactivity is available.

State-of-the-art values are compared with {lesi_n values separately

in Table 2.2.2 for items of particular interest or which may ultimately

establish design criteria. This tabulation shows t_at the state-of-the-

art values are equal to or better tham the desi<h values for all items

listed except for system circulator pressure lew_l and temperature of

the containment vessel under emergency conditions. The state-of-the-art

pressure level is shown (in section h) to be les_ than 500 psia for

01owers which haye been or are currently under d,_velopment. The con-

tainment vessel temperature capability is limited oy the conditions im-

oosed after a crash im which a pressure of 15(]0 psi must be contained

for iO00 minutes with the vessel at 3000°F and in an oxidizing

atmosphere.

The demonstrated fission density in the fu<,led matrix, whil_ _ e_]u:_l-

in< t!_e average value imposed in the current application, requires some

engineerinK interpretation by applieation of refined analysis techniques

to }_ccount for shape f_Lctors (because of the f_eometry of the specimen

used in the test) and For the trade-off in time-versus-temperatur< _-

effects. The only si_{nificant uncertainty is the effect of irradiation

on the creep properties and ductility of the tungsten matrix material.

Thus, while it is believed that the desiF_n value of fission _ensity is

well within current state-of-the-art capability, the test results avail-

able do not duplicate the exact conditions expected in the design; proof

testing is required to eliminate the need for any interpretive exten-

sions or interpolations of the available data.

Inconel 625 has been found to meet the desic, n reauirements of the

structural components of the reactor assembly. ExT,erimental irradiation

ef_to data show that for design life dose rates of aoproximP, tely i x 1021

nv< at the core - reflector interface, a design !'_,tress intensity of 55,000

r,si is available ur to llO0°F. Eloncation of aoprcx_mately 17 oercent

_ar. be accommodated after exposure. The containment vessel can be either

T-ill or T-222, approximately 6 inches thick to meet the post-crash de-

sigr, requirements.

Because the concept for the reactor assembly has been uniquely

derived for the present application, there are no L pecific en6ineerin_'_

test results to support the design. Accordingly, w_lile the feasibility

is not questioned, tests are required to demonstrate that components

can perform the required functions. The principal areas requiring

further study and development are su_mmarized below:

l, T_e containment vessel assembly must Le tested under the

anticipated conditions after crash to <:emc_nstrate its

ability as an assembly to meet the necessary requirements.

Specific items requiring _zdditional attention are:

a. Material property data must be obt!_i_ed for the se] _cted

tantalum alloy in the required thickne::sos (aporoxi_ate!y
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TABLE 2.2.2

CO_AR!SON OF STATE-OF-THE-ART AND DESIGN VALUES

(State-Of-The-Art for Individual Items Only)

State-of-the-

Art Value u
Design
Value

Circulator discharge pressure level, psia 500 a 1500

Reactor inlet temperature, OF _llOOb 900

MaximtLm fuel surface temperature (aVg.), OF >3000 c 2180

Maximum fuel internal temperature (avg.), OF ,2700 d 2300

Fuel element lifetime, hr >2000 e ,lO00

Structure lifetime, hr >2000 f 2000

Containment vessel temperature, oF <3000g 3000

Equivalent circular diameter of core, in. 30-35 h 30

Length of fuel element i 30

UO 2 concentration in cermet, vol % 60J 60
Cladding thickness, in. 0.010k O.010

Coolant channel diameter, in.

Flat width of fuel element, in.

Burnup in I000 hours (avg.), fissions/cm 3

Number of reactor fuel-power cycles

eDemonstrated or deduced from related data.

not necessarily in combination.

70.035 in. £ 0.168-0.209

i 1.73
m 1.922 x 1020

n 200

Values apply individually,

a. Value from Circulating system component limit assuming sealed, oil-
lubrlea_ed bearing.

b. Based on nonrefractory (Inconel 625) front tube sheet; higher value

possible with refractory material.

c. Higher values possible for shorter times. Limit set by metallurgical

effects involving the cladding.
d. Set by arbitrary limit of i% calculated growth due to fission product

pressure at design value of power density for 1000 hours.
e. Estimated based upon limit from growth due to fission gas pressu_-e.

Presumes good design to limit hot channel effects so that perturbation

is less than 200°F.

f. Value subject to details of final design.
g. Conventional oxidation-resistant structural materials melt at temperl

atures below 3000°F; thickness of shell acting as strength member may

be larger than desired in order to meet the specified conditions to

be imposed after crash.

h. Feasibility of reflector control uncertain for core sizes above this

value. Different control method would significantly affect the struc-

tural arrangement and design.

i. Limiting value has not been identified; have been fabricated to lb.?7

in. length, i.h26 in. across-flats.

J. Higher concentration (to 70 vol %) may be possible dependent upon

ability to maintain continuity of W matrix in the cermet.

k. Thinner claddings may be possible in future designs depending upon

quality of available sheet and tube stock.
£. Range demonstrated by actual fabrication and non-nuclear testing.

m. Value subject to operating temperature; see Figure 3.2.13 for avail-
able test results. These results, being from test samples as part of

the NMPO High-Temperature Materials Program, are considered to be in-

dicative of the minimum capability to be expected when the appropriate

fuel element geometry and design is used. Effects of temperature and

power distribution are such that use of average burnup at maximum tem-

perature (2h68°F) is more life-lindting than where maximum burnup at

2360OF occurs.

n. Test results on a similar geometry have demonstrated ability to cycle

from 3000OF to 500°F for 50 plus cycles without deleterious results;

test is still in progress. Metallurgical samples have been subjected

to uw to h00 cycles.
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(, inches)_ also, fabrication _roce_ures must be developed

because of" this thickness. (See section 3.3.)

b. An oxidation-resistant coating, or claddin_ must be de-

veloped for the containment vessel that can withstand

crash impact loading and subsequent exposure at 3000°F

and i000 minutes.

c. The valves for closing anU sealin£ the containment vessel

penetrations for gas ducts and water lines require en_ineer-

in,z development to demonstrate that the necessary rate of

closure, leak-tightness of the valve seat, and strength to

withstand crash loads and after-crash conditions of pres-

sure, temperature, and lifetime can be achieved.

d. Leak-free closures capable of meeting the required condi-

tions must be desiF.ned t_nd develope_ For the penetrations

for instrumentation and control actuator electrical con-

nections.

2. Methods must be identified to prevent the reactor from asst_ming

a critical assembly as a result of an aircraft crash.

3. A pressure-bal_cing system is required to equalize the pres-

sure of the coolant gas and shield water.

]_. Excitation frequencies of the aircraft may necessitate an

additional lateral supnort at the rear of the fuel elements.

5. Additional aftercoolin_ studies of the reactor structure

should be performed after operatinK procedures for normal shut-

down are specified.

6. The insulation to be used on the gas-side of the ducts cooled

by shield water must be designed and tested.

$.2.2 Fuel Elements

Both experimental and analytical results indicate that tile fuel

element will meet or exceed the required performance characteristics.

its lifetime may be sJ{_nificantly longer than specifieU. To verify its

canability, in-nile tests should be performed on elements of' the speci-

fic geometr%. _ (porosity and coolant channel size) of the aircraft appli-

cation under the proper conditions of power density, burnup level,

neutron spectrum, and pressure and temperature levels.

Performance -The fuel element temperature levels required in the

proposed design are appreciably lower than the levels at which most of

the research and development tests have been and currently are bein_

conducted at GE-NMPO. Retention of Fuel and fission products has been

demonstrated at 2900°F for over 3000 hours and at 3(iO0°F for at least

i000 hours whereas, in the aircraft application, the maximum surface

temperature is less than 2200°F for the average element, with hot chan,_:e]_

reaching no more than 2,'_O0° to 2600°F (dependiniT u_,on ti_" de<tee of

design sophistication incorporated to control ti;.-_ma<nitude of pertur-

bations) .

The burnup level required in the- ,_esiFul, an [_ve _ ___[0 o ]_ ( _' )[ ! ' ) ' I _

fissions/era 3 in i00(] hours, is /;reat,_'r than that <,f t)_,' currnnt fu<:]

element development T,ro_Tr_m for the. sfaec bow(_r 'g,!dic'-tLon of tl_c "_'i0

.Reactor, but is in the rang.e of burnup .Levels su<'ce._sfully test_:d u:_ler

the HiKh-Temperature Materials ProF<rFLm at Gli]-kJ_,_F_O.L;inee hii;her burnu_,

can be achieved at the lower temperatures of the aircraft applicatLon,
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the data accumulated to date (see section 3.2), to_ether with the analy-

sis of growth of the fue]ed material due to fission product gases (see

section 5.2.2), provide a high degree of assurance of achievin_ at least

1000 i_ours lifetime and, with careful design to restrict the magnitude of

temperature perturbations, reasonable expectation of 2000 hours or more.

State of Technology - The excellent stability of the fuel, as

demonstrated by the W-Re-_.!o-clad W-UO 2 fuel elements, depends, among

other factors, upon maintaining stoichiometric UO 2. Procedures have been

developed at CE-NI_O for controlling the stoicniometry of UO 2 durinK

fabrication within the limits of measurement capability. Tests haw:

shown that the diffusion rate of" oxygen throuvJl claddings of W or Re or

their alloys, including Me, is sufficiently low at hi,all temperatures

that stoichiometry can be maintained durins operation.

Procedures have been developed at GE-N!_PO for fabricating the recom-

mended fuel into the fuel element geometry for this application. Sheet

and plate forms of the W-3ORe-3OMo (at.%) alloy are available in the

required sizes for this fuel element. While not commercially available,

tubing has been made at GE-Nb£PO to the necessary quality level in 19-

inch lengths. Achieving the 31-inch-long tubing for this fuel element

will be an extension of this work.

Current development effort on the 710 Reactor fuel element is

_<uided by the requirements for space power application, and is comparable

with the aircraft requirements as summarized below:

Space Power

Application

Aircraft

App i i c at ion

Lifetime, hours

Temperature, °F

Reactor power, _4_

Power aensity in _ueled core,

_/ft _

Total average burnup for

design life, fissions/cm 3

Fuel core material, vol.%

Cladding material, at.%

i0,000 >lOOt,

2600 <2500

1.05 __5o
0.75 49.3

3.2 x 1019 1.92 x 1020

W-6OUO 2 W-6OUO 2

W-3ORe-3OMo . W-3ORe-3OMo

(Ta-8W-2Hf, Mo-pORe)

Test ProGram - The scope of the development effort in the TI; Reactor

Program is based on the results of an evaluation of potential causes of

fu_l element failure, (see section 5.2.2), for tile space power!_lant.

i_ecause it is subjected to a rocket boost in the 'space _Lpp]icaL]on, con-

sideratiom must _)e r_iwm to vibration and acceleratio_._ forces w_ic], pre-

w'_il Lefore the reactor [s brou_ht t< oi-,eratin_x conoit_ns. _T'_:c___'_:s;iit.s

of tnese studies are nc_t applicabl__ i._,the aircrnft :,.I.:'kicut[ ,n.

;.7_,,nativc ,. ,.._-.



i{owever, most of the program concerned with non-nuclear anu nucl_ar tests

is directly applicable. The non-nuclear testinr< consists of therm;il

<<clim- to temperatures of 3OO0°F in static Cas at both atmospheric znd

elevated pressure (u[, to, I000 psig) and in dynamic ;;as at elevated pres-

sure. T!le :_.ucler=r testing involves thermal cyclln{_ _,_thi{zh temperatures

i:: .<t._tic <as. This _ro:ram covers a]] identif]e4 potential causes of

fuel element failures except For vibratJon and _-Ioad effects, inter-

fercnce effects in tI__(+,event th<_t ad]ac_:nt fuel element contact eaci_

oti_er, anc_ the effect of the precise irradiation environment on materials

properties. An in-pile dynastic test proKram has b,._en cieveloped and pre-

liminary design of the in-pile components completec to test fuel elements

at the conditions of the space power apl)lication, _nciudin_ the proper

flux. Results of this effort will more precisely determine the radia-

tion influence.

All non-nuclear test results derived from thi'.; oro_ram are pertinent

•:n:_ applica]_le to the present desl_n except for the influence of _'mometry

factors arising from the higher porosity requirc:J in tile aircraft _tppli-

cation. The fuel element design which establishes reference values for

the 710 Reactor development proKram is listed in T_ble 2.2.3 wit}: the

corresponding data for the average element from the present study shown

for comparison. To date, 66,803 hours of non-nuclear specimen test time

have been accumulated: 44,905 hours of 3000°F static tests of multi-

cnm_.nel a_d single-channel test specimens; h990 Pours of dynamic testing;

a::d lu,90O hours of testins process development ._!)ecimens of simple

_eometry at 3000°F.

To some extent, the in-pile work to date is _pplicable, i.e., inso-

far as ti_e results are correlatable wit]_ analysis methods which can tnen

be usec_ for predictins capability for the lower-temperature, hicher-

power-density conditions of the aircraft application, l._-oile test

sreci=en LT-710-1 has completed 3000 hours of te:_tinc in the LITh _ot

tem=crature of 2750 ° to 2_J00°F. In-pile test s_,cimen [_T-710--2 n:__s

corer?feted 2130 hours of a scheduled 500(_-hour test at a peak tem_,_rature

of 2[0g°Y in the LITR. Also, the range of burnup levels ach],_ved in

tests under the AEC Hish-Temperature Materials Fr_sra-_ nt GII-U_K'O have

reached those required in the aircraft nppl_cat],m (see section 3.;').

Design and Development Required - The fuel ,._em,:_t desien for the

aircraft ar_piication introduces no new features and is _± relatively

strai_-ntforward e.pplication of des#Kn concepts that have evolved durin_

previous work on the 710 Reactor concept. To achieve the lifetime re-

quirement, hydraulic diameter variation between i'_el elements is re-

quired, depending upon the radial position of the element in the reactor.

Because of the requirement of hi[h flow volume, the minimum liaament

thickness on the fuel (0.015 inch)is reached before temperature flatten-

ine is achieved and thus fuel concentration au_m.entation will be required.

]!ydraulic diameter variation within individual fu{_i elements may

also be desirable. This will be determined following- a more d_taiied

evaluation of the amount of fuel element bowiw< to be exnected as <_

result of temperature differentials acro_s asin<]e fuel element and

also the differentia] growth due to radial power dezmity !<rndicnt :.
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TABLE 2.2.3

710 REACTOR FUEL ELEMENT DIMENSIONS

Space Power

Application

Matrix (across-flats), in.

Number of coolant channels

Coolant channel hydraulic diameter, in.

Coolant channel pitch, in.

Coolant channel cladding thickness, in.

W-Re-Mo

Ta - 8W - 2Hf and Mo-Re

Outer cladding thickness, in.

W-Re -Mo

Ta - 8W - 2Hf and Mo-Re

Active fuel length, in.

1.426

19

0. 135

0. 329

O. 010

O. 015

0. 010

0. 015

14. 264

Aircraft

Application

1.73

37

0. 192

0. 282

0. 010

0.010

30.0
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Fabrication procedures have already been dew:loped that can be

adapted to accomplish either type of hydraulic <lia_eter variation.

Ti;e adequacy of the proposed cantilever support for the fuel element

siiould be determined on the basis of a detailed evaluation of the vibra-

tion of the reactor structure as supported in the aircraft, and should

be verified by experimental tests. The natural frequency of the fuel

element can be increased by the use of a rear restraint.

2.2.3 Reactivity Control System

Various reflector control methods were evolved in earlier studies

of the 710 Reactor applied to a nuclear rocket a:_d to _ space powerplamt.

Based on this work, reflector removal control also appears to be prom-

isimg in the aircraft application, even though the reactor is larger in

this application. Several methods were investigated For achieving re-

flector displacement (see section 5.2.2); rotation of reflector segments,

the feasibility of which has been demonstrated* in a reactor design, was

selected.

Performance - Nuclear analyses were performed to assess the reactiv-

ity worth of two radial reflector materials, Be _r_d r_o, with the reflector

immerse_ (i) in borated water and (2) in the s_n,_ gas as the primary

cool_mnt. The calculated reactivity worths of co_plete reflector re-

moval are _iven in this tabulation:

gkTotal Radial Reflector Worth_ ,_

Reflector Environment Beryllimm 14olybdenuma

Gas i0.7 13. O

Borated water 9.0 ii.2

The purpose of these analyses was to determ[r_e if all combinations

of reflector material and environment would provide sufficient control

margin. From a nuclear standpoint, all combinations appear Feasible:

the worth of total reflector removal is large enouKh for the aircraft

application (see section 5.3.1). Beryllium causes a power spike at the

core - reflector interface; however, even Me causes a power s_ike when

iramersed in borated water. Although Xo is a better gamma shield tha_1

Be, it is also a source of gamma ener£y due to neutron capture so that

neither material has a particular adw_ntage from a shieldinK standpoint.

Arrangement studies were made with the reflector immersed in

borated water or in primary coolant gas (see section 5.2.1). In the

latter case, the coolant is the primary gas both rlurim_ operation and

in the aftercooling mode. In the former, the coolant is water; while

forced circulation of the shield water becomes necessary specifically

for this purpose, the pumping power requireo is much Jess ti_n if the

coolant were gas.

The need to maintain aftercoo]in_[ flow to th,_ reflector ]___d to the

concept of includin< a flow path within the shaft or_ wi_ich tile reflector

_"Peactor a_id Shield Design Status - $;NAP-50," PWAC-471 (CRD)_ Pratt &

_?nitney Aircraft Division, United Aircraft Corroration.



is mounted, with suitable coolant channels bleeding the flow Fromthe
shaft through the reflector. During normal operation_ the coolsnt is
recirculated shield water requiring a water-to-air heat exchanger. After
the reactor is shut downand the shield water is drained, the coolant
must be a gas. The _nount of aftercooling required by the re_lector
(and hence the quantity of gas supply required for this purpose) depends
upon the permissible temperature levels in the reflector and its support
structure, l!igher operating temperatures are permitted by the use of
Methan if the reflector were Be. This higher temperature capability
will permit radiation to becomethe predominant heat transfer mechanism
muchsooner, thereby significantly reducing the required quantity of
inert coolant gas. The preferred arrangement, therefore, is the He re-
flector immersedin borated shield water.

It should be noted that no criterion was established for the rate
of reactivity removal because a nonmoderating reflector such as He pro-
duces no identified positive reactivity effects, either instantaneous
or delayed, with increase in reactor temperature. Instead, all identi-
fied temperature effects are negative with increasing temperature.
Should the reflector be moderating, e.g., Be, a delayed positive tempera-
ture coefficient would be present, an(] the rate of reactivity removal
bF meansof the active control system would have to be specified.

State of Technolo@y - The actuator considered in this study is the

3endix Nutator" steppina motor. It consists of' a stationary external

bevel gear and eight radial segments each consistinF, of an electromag-

netic solenoid. The electrical components, solenoids, and an optional

position feedback potentiometer are contained in a hermetically sealed

gas environment. Leak free closures must be provided through the con-

tainment vessel for electrical connections. Although scram requirements

are not explicitly defined, the hi_hest possible scram rate should be

achieved with a minimum of scram torque. Results of analysis (see sec-

tion 5.2.3) indicate that the Nutator motor's torque capabilities yield

0.2 percent Ak/k withdrawal in 0.15 second and, therefore, ca_ meet the

control requirements.

The actuator is not an off-the-shelf item; however, accordinf: to

the manufacturer, models have been built and opernted, and its o,t_r::ti,_

characteristics are r<:a_;onab]y firm. I arly tests oF a:_ actl1_[,<,r !,_1[]t,

to the desicn requJrcm_,nts would be _:e_;ir_b]e tn t'iz'm]y cst:tbl[s}l t_,'

drive ratu - torque c},,nracteristic:< anH to evalu:ite [,{_:t_'i_< 'm,l <:_,<_r

oy_eration using: borate(] water as a lubricant.

in su__mary, the reflector rem_)val r,_activity control system i,.as

the following advantages:

l° A reflector co_itrol based on neutron leakage variation is

possible for the size of reactor required for aircraft

application.

[{t,gistered tradename of the }{endix Corporation.
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'fhe reflector control segments can oper;tte while immersed in

tile borated shield water. For this reason, there is no need

for waste void to allow for displacement of the reflector seg-

ments. This, in turn, reduces the shield weight.

Design and Development Required - The followin_ developmental efforts

are required to verify the adequacy of this type of control method:

I. A critical experiment to determine the reflector control

worth as a function of angular displacement and to measure

the effect of immersing the radial reflector in borated water.

2. Development of the control actuator for the specific environ-

ment and to attain the _:ecessary reliability of operation for

the design to be used.

2.3 CIRCULATOR CYSTE_I

Performance - Parmmetric data for a range of reactor sizes (see

section 4.2.2) meeting the specified desidn point conditions show that

the circulator conditions to be expected are in the following rani_e:

Nominal _ Low

Circulator power, hp 13,600

Circulator power, % of Qth h.O6

Circulator pressure ratio 1.055

20,000 ll,O00

5.96 3.2_

1.08 1.045

State of Technology - The required range off circulator power is

beyond current state-of-the-art for electric motor drives and gas bear-

in;;s. Electric motors operating on a 60-cycle power supply wei_,h about

5 ib/h?; by followin C aircraft practice of usinK ilJcher frequency, the

specific weight can be reduced to as low as 1 ib/hp. The power for the

6rive motor must be generated by onboard equipment, resultin< in addi-

tions_! weight. Gas bearings have been used in motor-driven circulators

uo tc 250 hD and have been considered for use in turbine drives up to

1%02. hp. Under these current limitations, the only possibility fc,r

aircraft application "would be multJI)l_ small-siz..? blower__. Accor_!incly,

a_< air turLine drive with oil bearinKs ]_ neces_;ary, u_[n< a shrift pene-

tration through the primary loop ductin C and dynamic _{<.a]s.

Fcr helium circulators, the current practice can be summariz<_d as

follows:

i. Sing, le-stage radial circulators are used if the presstlrc

rise is 3 percent or less; multistage, axi_l-flow circulators

are used with greater increases.

2. Rotor tip speed is usually limited to 900 ft/sec or less:

an exception is the compressor for the "4aritLme Gas-Cooled

Reactor (HGCR) turbomachinery.

3. Inlet temperature and pressure to the c_rculator are 7OO°F

or less and 500 psia or less, respectively.

_. No axial flow circulators have yet been oloerat, ed in a nuclear

power unit.
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5. Current seals consist of sleeve-type bearings, an intermediate

buffer gas at pressure above the process gas, a viscous fluid

(either oil or water) as a final seal, a static seal to prevent

leakage durin_ shutdown, and a separator to permit re-use of

the buffer _as and sealin_ fluid.

Existing hardware that most closely approaches the present design

requirement is the radial circulator used in the High-Temperature Gas-

Cooled Reactor (IITGR). This circulator is a single-stage, radial over-

hung type generating a pressure rise of 2.9 percent in a 5-ft rotor

diameter at 3460 rpm. The differences between this design and the re-

quirements of the present application are as follows:

HTGR Reguired

Ummber of stages a i 2

Pressure, psia 450 1500

Inlet temperature, OF 700 900

Driver Motor Turoine

aAt 900 ft/sec tip speed.

To achieve 5 percent pressure rise in a single stage, the circulator

must be of the pureradial type (specific speed of 60 or less); the tip

speed must be about 1220 ft/sec. The corresponding rotational speed is

5500 rpm and the rotor diameter is 4.25 feet. Data show that a tip speed

of 900 ft/sec is achievable at 900°F with titanium alloys, Inconel X, or

a high-strength, low-alloy steel such as Super Tricent. At 1220 ft/see,

however, only the Super Tricent alloy would meet even the minimum require-

ments. Therefore, if no more than a 5-percent rise is required, careful

mechanical design of the impeller and use of the best available materials

may permit achieving the required 2000-hour lifetime with only one radial

stage.

I_o axial-flow circulator has yet been operated in a nuclear power-

_lant. Probably the most advanced is the ]0-stage axial flow circulator

for the Experimental Gas-Cooled Reactor (EGCR), previously under develop-

ment by tae Oak Ridge National Laboratory. This circulator operates at

tile s_ne volume flow (516 ft3/sec) as required for the aircraft appli-

cation, but at a temperature less than 500°F and a pressure below 300

_sia; consequently, its power output is only 3100 hp. Therefore, modi-

fications to this design would be required.

In a_y redesign effort, attention should be given to the aerodynamic

desi_n of helium circulator bladinc. Design practices for air turbo-

machinery are conventionally used which unduly penalize helimm compres-

sors from the standpoint of size and weiF_ht.

A modified poppet valve called a cone labyrinth valve developed by

the Smirra Development Compally, Los Angeles California is recommended to

perform the quick-closing gas shut-off. Valves of this type have been

operated to 16,000 psi in sizes of 2.00 inch diameter a_d studies of

valves to ii.00 inch diameter are in progress.

*Private Communication, J. R. Smirra, Santa Monica Ca]ifornia,

August 14, 1967.
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Desicn and Development Required - In summary, the following problem

areas have been identified for the helium circulator system in the aircraft

application:

i. There are no existing designs that can be applied without

modification. Principal modifications required are those

necessary to increase the pressure and temperature capability

to 1500 psia and 900°F, respectively.

2. Further study is needed to determine whether to use a sinale-

stage radial-flow circulator at relativcqy hi<h peripheral

speed (>1200 ft/sec), a two-stage radial-flow circulator at

moderate speed (%900 ft/sec), or a multistage axial-flow

circulator. Some research in this area to advance the

state-of-the-art of axial-flow compressor design for helium

may result in significant reduction in the number of stages

required for any given pressure rise.

3. Existin_ circulators were developed for central station power-

plant application in which weight is of less concern than cost.

A m_%nufacturer experienced in desi_nina comoonents for aircraft

application should be included in further study efforts, such

as in item 2, above.

The status of shaft seals is similar to that of the circulator in

that no existin_ design can be applied without additional engineering

and development effort. The followin6 problem areas have been identified:

I. Three _eneral types of seals - labyrinth_ viseo, and dymmmdc

head (pump) - are candidates for the a_p]Jcst]on stud should be

further investigated for tl_e high pressure re_lu_rements.

2. Seal leakape _md back diffusion of the seals_it liquid (if used)

must be determined. Seal ieaka_e will determine m:_keuo re_u_rL _-

ments and back diffusion may cause the rclesse of excess conte_-

inants into the reactor.

3. If a bufferea seal is used and recirculation of seal_u_t iiauid

and buffer gas is desired, the weight and operatine comriexitv

of the associated equipment must be evaluatnd.

The shaft power required by the clrcul}_tor amoumts to 3.3 to (. r_er-

cent of the reactor ti_crm.'_] power, depnndin_ upton tl_e _ressure ios_ of

non-core com0onents. A:_sumin_ a drive effici{ncv of :!5 perc_-nt_ ti_,-

corresponding _,arasitic power penalty i:_ 13 to _'4 [<'rcent of th__ thermr_l

power output. The thrust penalty as_oc_ted wit_ th]::; ;arasitic loss

is such that the use of a gas _enerator to provi ],_ t,i_,_ circuiat[o:_ si_ould

be considered; this alternative is discussed in n,.ctiu_ I_.

2.4 "_[YIGHT SI_A_Y

sel, excluding the zhirid materi_l, are itemize.<! i_ ir_',,,:



Reactor Assembly Component

Fuel elements and fasteners 6,210
Front tube sheet h70
Radial Moreflector 8,200
Actuators and drive 830
Reflector structure 650
Core shell and structure 2,560
Inlet - exit gas plenums 2,380
Gas ducting inside vessel 1,0_0
!.liscellaneous i_000

Total reactor assembly
Spherical containment vessel (o inches of

T-Ill i0.0 ft. 0D)

}_stimated
Weight_ ib

23,38O

148,000

Total ]71,380

A major amount of weight is involved in the containment vessel in

order to meet the post-crash conditions of 1500 psia at 3000°F for i000

minutes. Additional conceptual design to inteF, rate the shield arrange-

ment and design with that of the reactor and containment vessel may not

sic_,_ific_u_tly increase the total reactor - shield-containment vessel

wei,_,ht while still achievina complete containment.
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3. MATERIALS

3.1 CENERAL

This section presents the results of a survey, assessment, and se-

lection of candidate materials for use in the fuel element, reactor, and

structural components. Test data, selection criteria, and an assessment

of the completeness of available information and applicable work underway

are discussed.

Materials considered for the various components in the survey included:

Fuel Element Structure Reflector

Moderatin_Fueled Core Non-re fractory

W-UO 2 Stainless Steel Be

Yo-UO 2 T:.mes 3011, 316, 3h7 BeO

ilas t,(_lloy C,X

Inco::el 000, 625

Ihcol.oy _00

Claddin_

W - 30Re - 30Mo*

Mo - 50Re

Ta- 8W - 2Hf (T-ill)

Ta

Refractor<

Niobium 752

Ta - I:_W, T-ill, T-222

Nonmoderat in_

_0

*In atom percent; the same alloy in weight percent is

W - 35Re - 18Mo. All other compositions are weight percent.

The fuel element materials are either currently or were previously

under development for the 710 Reactor Systems Project, and are those for

which the most experimental test data are available. The structural ma-

terials are those which are available commercially, for which a relativel2

large amount of materials property data are available, and for which fa-

brication procedures have been established. The reflector materials are

those that were found best during previous 710 Reactor studies from three

standpoints: (i) nuclear worth, (2) the choice between neutron moderation

or no moderation, and (3) adaptability to the arrangement under consider-

ation (see sections 5.2.3 and 5.3.3).

The ultimate choice of materials for various components de_ends u_on

the Dower cycle chosen for a particular application (see section h.2) and

the final arrangement selected for the reactivity co. trol system, ductJn<,



_nd shielding. _aterials considerations which are _r_marily desian-

oriented are treated in the appropriate sections of thiz re_ort, and the

overall assessment'of materials is included in section 5.6.

3.2 NUCLEAR MATERIALS SL_VEY_ SELECTION_ AND ASSFSS_NT

3.2.1 Fuel and Fuel Element

SURVEY OF CANDIDATE MATERIALS

In reviewing the materials pronerty and en_ineerin_ test data available

for each of the candidate fueled-core and claddJn_ materials, singly and

as fuel element combinations, the advantages _nd disadvantages of each ma-

terial for the design conditions required in this ap_!ication were evaluated.

The result was the selection of W-UO 2 as the fueled core and W - 30Re - 30Mo

(at. %) as the cladding material.

Fueled Core

By virtue of several of its physical properties, UO 2 is well suited

for reactor applications:

I, It is the most refractory nuclear fuel known

2. It is nonreactive with the refractory metals of interest (neces-

sary condition for the retention of both fuel and fission pro-

ducts)

3. It has _ood irradiation stability

4. It can be manufactured and chemically re_rocessed with relative

ease after irradiation.

its major disacva_tages, low thermal conductivity, poor thermsl shock re-

sista_ice, and poor mechanical strength, ca_ be minimize_1 by dispersing

UO 2 particles throughout a metallic matrix. In addition, since corrects
cam be metallurgically bonded to metallic c]addin£s, thermal conductance

can be further improved.

In making the selection between W and _o as the matrix material, pri-

mary consideration was _iven to the effect of fission gas pressure on fuel

element gro'_th under the burnuD and temperature conditions cf the current

design. Because of its superior high-temperature strencth, W offers the

longer lifetime for a growth limit acceptable from a design viewpoint.

Ui.is criterion was judgec important enough to outweigh the advantages

offered by Mo; i.e., a smaller thermal expansion differential between the

Mo-UO 2 fueled core and the Mo - 50Re cladding alloy.

The elimination of Mo-UO 2 as the fueled core material also eliminated

the ko - 50Re alloy from the list of candidate claddin_ materials, re-

stricting the choice of the cladding to Ta, Ta - 8W - 2Hf, and W - 30Re -

30Mo.

Cladding

W - 30Re - 30Mo - The W - 30Re - 30Mo alloy is preferred as the fuel

element cladding because it has the hi_hest perform_ic_ potential of the
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candidate cladding materials based on the following charscteri._tics:

i. It has high strength, adenuate ductility, and a high melting

point.

2. Its permeability to oxv_en is negligible at the maximum fuel

element operating temperature, thus ensuring maintenance of

stoichiometric UO 2 within the fueled materials.

3. Its susceptibility to gaseous impurity absorption is low.

h. Void formation at the cladding - fueled core interface caused

by interdiffusion is negligible at the maximum fuel element oper-

ating temperature.

These characteristics were Judged to outweigh the _ossible disadvantages

of W - 30Re - 30Mo:

I. The differential expansion between claddin_ and fueled core can

impart relatively high bond stresses during temperature cycling.

2. Tubing of the necessary ouality level is not yet available com-

mercially. However, encouraging progress has recently been made

in the fabrication of high-quality tubing.

_,_o- 50Re - As indicated previously, interest in the No - 50_e alloy

is primarily for its application as a c!addin£ for a No-UO 2 core; the low

differential expansion between claddin_ and fueled core would result in

a significant reduction in bond stresses at the interface. As a claddin_

for a W-UO 2 fueled core, however, this advantage is lost. In comparison

to the W - 30Re - 30Mo alloy, Mo - 50Re is sub._ect to greater grain growth,

both in fabrication and ogeration, and to _reater core - cladding inter-

diffusion. It is, however, commercially available in all reauired sha_es

and forms.

Ta and Ta - 8W - 2Hf - The chief advantages of Ta and Ta - (_W - 21!f

(T-Ill) as cladding materials are their commercial availability in all

reauired forms and their fabricability into the fuel element configuration.

The T-Ill alloy also maintains a finer grain structure under eauivalent

temperature conditions than any of the other cladding materials considered.

Pure Ta, on the other hand, is most subject to grain _rowth of the four

candidate materials. Both materials, however, are sensitive to gas stream

impurities and are more permeable to oxygen than the W-Re-No alloy. In

addition, both Ta and T-Ill are subject to void formation as a result of

core - claddin_ interdiffusion. In this respect, T-Ill appears superior

in that a much finer void network is formed than in pure Ta.

FUEL ELE_NT FABRICATION

The fuel element design selected for this application is similar to

that being developed for the 710 Reactor Systems Project under AEC Con-

tract AT(h0-1)-28h7. It is a hexaconal element whose support structure

is supported in the reactor's tube sheet. The fueled section consists

of a fueled matrix within e hexagonal metal claddin6 bonded to the matrix.

The ends are sealed with header plates. Coolant tubes through which the

heated gas passes extend from the front to the rear header plate. The

interstices between the tubes and between tubes _id the outer claddings

are filled with fuel-bearing material. An exploded view of a 19-channel,
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partial-length fuel element oi" the type used in static environment testing

in the 710 Fuel Element Development program is shown in Figure 3.2.1. The

fueled section shown consists of five stacked compacts penetrated by coolant

tubes.

Fabrication of Fueled Compacts

Fabrication of the fueled compacts containing a dispersion of U02

particles throughout a W metal matrix uses powder metallur_ techniques.

In the compact fabrication the fuel is first agglomerated by isostatic

pressing into cakes, crushing, sieving out the desired _article size and

firing these particles in helium. The agglomerated fuel is then blended

with the tungsten, Dressed in a hexagonal die, pre-sintered _d then sin-

terea at 4000°F in hydrogen. The fuel agglomeration Drocess converts the

submicron as-received U02 powder into low-density spherical particles, as

shown in Figure 3.2.2, without reducin£ the activity or sintcrability of

the UO 2 powder. A low-temperature (llO0OF) firin_ operation in helium

imparts additional strength to the particles for the subsequent roller

blending operation. The W and U02 agglomerates are blended without the

a_dition of binders, thereby eliminating the problem of binder contamina-

tion and removal in subsequent sintering.

Each fueled compact is processed individually through the Dressin_

operation to insure uniformity of fuel loadin_. The "green" fuel com-

pacts are pre-sintered in batches usin_ a slow, cam-controlled heating

rate to nrevent cracking of the relatively delicate pieces. _apid heat-

in_ rates are used durin_ the final sinterin_ to reach the sinterin_ tem-

oerature of hOOO°F without damage to the compacts. A photomicrograph of

a section through a fueled compact sintered to 95 percent of theoretical

density is shown in Figure 3.2.3, illustratin_ the random distribution of

the fuel particles in the W metal matrix.

Densification of the "green" fuel compacts by sinterin_ alone requires

that both the W and U02 powders be active or sinterable. Consenuent]y,

the use of high-fired, fully dense, inactive U02 microsDheres is inappli-

cable to this process, as is the use of W-coated spherical UO 2. Densifi-

cation of such materials requires techniques other than sinterinK alone,

such as hot pressing, hot extrusion, Dynapak* consolidation, and hot-gas

isostatic pressure bonding.

Two of these techniques, i.e., hot pressin_ and hot-_as isostatic

pressure bonding, have been evaluated briefly with both fully dense [702

and W-coated UO 2 microspheres. Fueled compacts prepared by hot-gas iso-

static pressurization were superior both to hot-Dressed compacts and to

compacts prepared by the current fabrication process in the degree of

densification, uniformity of interparticle spacin<, and freedom from con-

tamination. However, thermal cyclic testin_ results of hot-_as Jsosta-

tica!ly densified compacts encapsulated in T-Ill alloy showed hi_her vol-

umetric growths and susceptibility to cladding ]enkage than in compacts

prepared by the current fabrication process. These results indicate the

need for further study and characterization of W-coated UO 2 microsoheres

to make full use of their advantageous characteristics.

*Tradename of a process of the General Dynamics Corporation.



:' ' .... 27

The principal advm:tages of the current process for fabricating

fueled compacts are:

i. Compacts of high theoretical density (>95 percent of theoretical)

are routinely obtained, with toler_mes of i I percellt.

2. Different density levels can be obtained by adjustin,_ the sinter-

ing schedule and/or the hot-gas nressure bondin_ cycle.

3. Fuel narticles are randomly distributed throughout the W matrix

with no stringerin_ or fuel breakup.

4. The fuel particle size range can be easily adjusted by selective

screening in the fuel agglomeration process.

5. Individual processing of each compact ensures uniformity of fuel

loading.

6. Very. low impurity levels can be maintained due to binder-free

blending and high sinterin_ temperatures.

7. Excellent control of individual compact _uality can be maintained.

Principal disadvantages of the current fabricatin_ process are:

I. Uniform interparticle fuel s_acing cannot be maintained.

2. Attrition of low-density UO 2 a_glomerates in the blendin_ oper-

ation leads to formation of some fuel fines in the W matrix.

Fabrication of Fuel Elements

The seouence for machinin_ the as-sintered compact is as follows:

the compact is face-_round to provide flat and parallel surfaces, drilled

for coolant tubes, and finish-ground on the hexagonal surfaces. After the

final machining operation, the segments are treated in hydrogen (-20 ° to

-50OF dewpoint) to re-oxidize the fuel told produce stoichiometric UO2.

The refractory-metal claddin_ components, as shown in Fi<ure 3.2.1, are

the header plates, outer cladding, 6md coolant tubes. The header nlates

are face-ground and Urilled, and then embossed to provide weld nreps for

joining to the coolant tubes and outer cladding. The outer hexagonal

cladaing_ is formed in two halves and joined by electron beam welding.

The fuel element is assembled by first stacking the fueled segonents

s_Jd inserting the coolant tubes. This assembly is then slipped into the

outer cladding. Next, header plates are added and, finally, all joints

are electron-beam welded in an evacuated chamber.

After helium leak checkin_ in a mass spectrometer, the assembly is

hot-gas _ressure bonded at 3180°F for 1.5 to 3 hours in helium at iO,OO0

psig. Final inspection operations include a lenA-check by helium mass

spectrometer techniques, outer claddii,g - matrix bond check by pulse echo

an& resonance frequency methods, and inner cladding - matrix bond clmck

Oy through-transmission techniques. A photomicrograph of the core -

cladding interface after bonding is sho_m in Figure 3.2.4.

The principal advantages of this portion of the current fabrication

process are:

i. Close dimensional tolerances of the fuel segment an(_ cladding

components can be maintained.
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2. The stoichiometry of the fuel in each individual segment can

be controlled within a measurement uncertainty of 0.003.

3. High qua/ity levels cs_n be maintained by _u_table inspection

techniques applied to the individual fuel se6unents and claddin_

components.

h. Excellent dimensional control of the bonded fuel element assembly

ca_ be maintained.

5. Stackin_ comn_,cts in series a]o1_ C the lel_t, _, of th: fuel elemt,:_t_ _i-

leviates hot chs_mel factors [_y randomizJn< tolerance effects.

Disadvantages are :

i. The machining and drilling o_erations _resently performeo on the

fueled segments involve a significant loss of material.

2. The machining operations can introduce contamin_its into the

fueled segments.

With continued development of techniques for fabricatin_ reactor-

size quantities, these disadvantages can be minimized by several possible

approaches. Drilling losses may be reduced by pressin_ _d sinterin_ fuele_

compacts 'with coolant holes which would reouire only a cleanup o_eration to

size the r,o!es. Other material losses may be further reduced by develop-

ment effort currently in Drocess, i.e., by makiny lonFer segments and by

usi_g finer grit gri_,din_ wheels which would eliminate a laoFin_ operation

_u also reduce the possibility of contamination.

• *'D 7 "_CO_ I_ATIOI, AJ{D REVIEW 0_ _.'t_TERIALS _/'iD ENGINEERING TEST DATA

_,[aterials test data of interest to the aircraft reactor application

are discussed below with respect to four key c}_aracteristics.

i. The chemical, metallurgical, and mechanical stability of fuel

element materials.

2. The fission product retention capabilities of fuel element

cladding.

3. The burnup capabilities of the fuel element materials.

4. Radiation effects on materials properties.

Supplementary materials property data for the candidate fuel element

materials are summarized in Appendix b.

In the CE-I;STO ili<h Temperature Y ateria]:; Proqrar;, e_,ch com_ inatio_

of refractory-metal fuel element materials is subjected to a lO,OOO-hour

non-nuclear evaluation test program at the temperatures of interest as

shown in Figure 3.2.5. A fuel element's performance is measured by the

integrity of the c!ad_ing, quality of the bond between the core and the

cladding, nonreactivity between fuel and metallic components, and fuel

form stability.

T-ill-Clad W-UO 2 Fuel Element Materials

The first series of photomicrographs, Figure 3.2.6, show the results

obtained from the 10,000-hour test program evaluation of the T-lll-c!ad

W-UO 2 fuel element system.



29

Ti_e microstructures at the core - claddin< interface are shown after

500,2500, 5500, and i0,000 hours of testing in high-purity helium at

s!i_htly above atmospheric pressure. Testin£ of the claddin_ showed an

increase in the T-Ill cladding hardness by atmospheric impurities from

191 DPH initially to h32 DPH. Although not apparent in the photomicrographs,

some of the Hf content of the T-Ill claddin_ has been converted into a

fine dispersion of HfO 2. Because of the fine oxide precipitation, the

cladding showed very little grain growth after I0,000 hours at 2900OF.

Post-test _alyses revealed no significant reaction between fuel and

matrix nor between fuel and cladding. _Io significant qu_itity of free U

was produced in the core as a result of loss of oxygen through the cladding.

7io measurable ch_ige in physical dimensions was detected. Although the

very fine band of voids in the cladding adjacent to the fuel interface has

moved with time into the cladding away from the interface, the cladding

integrity is excellent.

_4-Re-Mo-Ciad W-UO 2 Fuel Element Materials

Under equilibrium conditions, the N_,_-306 alloy ('Z - 30Re - 30Mo,

at. _) composition is in a two-phase re_ion of Re-rich sigma phase dis-

r_ersea throughout the W-Fe-Mo solid solution. Figure 3.2.7 snows four

[_I__-3b_o-clad W-UO 2 fuel system specimens which were fabricated to evaluate

the thermal cycle stability of this system. The upper ]_eft photograph

shows the core - eladdin_ interface after autoclaving, at 3180°F. After

i0 thermal cycles to 3000°F, the structure shown at the udder right was

obtained. This test showed _ood maintenance of core - cladding interface

bond and little change in the disposition of the sigma phase in the clad-

din_. It should be noted that the sigma precipitate minimizes _rain growth

below so!utionin_ temperatures. The photomicrograph at the bottom left

shows the microstructure after a heat treatment at h530OF. Noteworthy is

the solution of the sigma phase. Microprobe analyses at the core - clad-

ding interface showed a diffusion of Re and }4o _nto the W matrix to a depth

of 18 to 20 mils and a concomitant movement of W _nto the cladding. The

_hotomicrograph at the lower right shows the core - cladding interface

after i0 thermal cycles to 3000°F follow_ng the h530°F treatment. Some

sli_,ht precipitation of sigma phase at the _rain boundaries of the re-

e_._sta!lized cladding is apparent.

Figure 3.2.8 shows the core - cladding interface after 1900 hours

a_ 2910OF. The cladding is clean and dense but contains some si_m_a phase

in the grain boundaries in the outer part of the claddin C. The freedom

from sigma phase in the cladding near the core resultea from depletion

of rhenium by diffusion into the core matrix. Since the si#_na phase is

a hard inclusion, it was originally anticipated that claddin_ ruptures would

Oe likely to appear in these reaions_ however, this has not been evident

as demonstrated by test results. In addition, the s_ema phase is depleted

near the matrix - cladding interface, the hi_,h stress re_ion, by diffusion

of rhenium into the matrix. Therefore, the presence of si_Tna phase dis-

version in the I;MP-306 alloy is not considered objectionable and may be

advantageous in preventin a grain growth.

Mo - .%(]Re-Clad Mo-UO 2 Fu_l Element t,o.teriais

Figure 3.2.9 shows the interface of a Mo - 50Re-clad I_<-[;Op-ThO 2
•-_ --- _--t _ i -_---=_
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fuel element after 2000 hours at 2910°F. There are some voids slight]y

below the interface in tbe Mo matrix structure. These may be diffusion

voids, indicating that the diffusion of Mo into the _o-Pe ciaddin_ al]oy

is faster than the diffusion of Re into the Mo. At very high tempera-

tures where diffusion voids }lave been noted _n the _-Pe-Mo system, move-

ment of the void b_d appears to be from the interface into the core rather

than into the cladding as is the case in the Ta-clad systems.

HIGII-TE_PERAT[_E r_TERIALS IN-PILE TEST PROGR_9

Most of the in-pile testin_ on fueled s_ecimens up to the present

time has been done under the High-Temperature Materials program. Table

3.2.1 lists the tests, operating conditions, burnuos achieved, and re-

lease rates observed. The first in-pile test cartridge _repared under

the 710 Reactor Program is also listed in this table. Representative

photomicrographs from some of the tests ate sho_ in Figures 3.2.10 through

3.2.12. The results of in-pile testing during 1963, 196h, and 1965 in-

dicate t]Lat, if exact stoichiometry of the fuel form i_ maintained, no

significant diffusion of fuel nor fission _roducts is to be expected through

claddings of interest under aircraft reactor conditions. In effect, these

experiments showed t_le capability of the W-Re-_Jo alloy claddin_ to re-

tain fuel a_nd fission products at 3630°F for at least i000 hours and at

2910°F for over 3000 hours.

Since essentially all fission products are retained within the fuel

element matrix structure which has an average void fraction of less than

4 percent, the next imr_ortant consideration is the burnuD which may be

achieved as a function of materials, temperatures, and time. Fission gas

pressure may produce blistering of the cladding and leakage from the clad-

ding structure. In-pile results obtained to date have already demonstrated

fission proauct burnup capabilities of approximately 2.0 x 1020 fissions/

cm 3 of fueled matrix, w Using the release of fission products as a criterion,

Figure 3.2.13 indicates current burnup capability of refractory-metal in-

pile test specimens.

The photomicrograDhs in Figure 3.2.11 show _ interface area of Ta-

clad and Ta - 10W-clad W-U02-ThO 2 fuel elements i_ the as-fabricated con-

dition, after static testing, an_ after exposure in the ETR at elevated

temperatures for 345 hours in a helium - argon atmosphere. The burnup

obtained as a result of this exposure wa:_ 1.3 x I_ 2iD fissic,n_/cm 3. These

soecimens were lea_-tight at the completion of the test and a good bond

between core and cladding was maintained. Void formation in ti_¢ Ta-clad

s_ecimen was insignificant. In the case of the Ta - 10W alloy, a notice-

able void formation was apparent. The irradiated fuel form shows some

cracking and fission gas bubbles were detected at hizher magnification.

The photomicroKraDhs in Figure 3.2.12 show the condition of the

W-Pe-Mo-clad W-UO2-ThO 2 fuel element as-fabricated_ after static test_n£,

and after in-pile testin_ in the ETR for 285 hours st 201e°F in a helium -

ar@on - hydrogen atmosphere. The burnuD obtained was 7 x 1019 fissions/

cm _ and, once again, the condition of the soecimen was excellent.

Figure 3.2.14 shows the microstructure of a W-Pe-}_o-clad W-UO2-ThO o

s_ecimen as-fabricated, after static testing, and after in-pile testin_-

_AII burnups quoted are based on fueled matrix.

|
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TABLE 3. |. 1

SUMMARY OF TUT CONDITIOI_ AND RlmULTS OF REFMACTORY METAL FUEL ELEMENT8 SPECIMEN8 IN-PILR TI_STED DURING CY 1960 AND 1900

, / _4"-a Ompositioa hs_ O_itL_| Test Roe"lts

/ .//// /
LTFF-9 W-Re-Me W-(54UO2÷OThO_) 38 1018 |00G 15 He I.|Xl019 0.15 0.9 NH Nod÷form. Oood CC Noae

LTFF-II W-Re-Me W-(MUOg+0ThO/) Sl.a 5085 1060 |4 He+SH| J. Oxl010 0.|0 0._ NR Nod÷form. Parted CC 8t_mAtnter.

0_q_2-6(I) W.l_-Nm W - (S4U02 • 6_ 2) _l,g .q3_ 201_ lO Ito . 5OAr 1.4 x 10 _
+8

(Z) W.k-_o W . (54L_ 2 + 6_n02) _1.9 5_ 1910 18 N_ _ _r 1.3 x 10 _0

(5) W-ge-Mo W . (5_ 2 * 6_02) _1.9 53? 175_ 15 F4+÷5_A_ 0._ x 1020

÷ S"z

(4) W-Re-Mo W-(54UO3+OThO_) 51.9 039 1000 19 Re+_0Ar0.7xl0 'q0

÷ 611_

OHHF-ICI)W-Re-Mo* w-i0He-(e0UO2) $.'f0 875 1590 12 He÷OR i 0.?xl0 _0

(2)W-Re-Me* W-10Re-(00UO_) 8,70 873 1590 12 He+BR_ 0._xl0 _0

(3)W-Re-Me* W-10Re-(60UO2) 8. q5 $73 1690 1| Ne+_H2 0.?xlO 'q0

LT-?I0-1 W-Re-Me* W - (04UO_ + OTh(_) _5.9 3000 1340 38 Re_-SHfl $. 5 x 1019

OHHF-2(1) W-Re-Mo* W-10Re-(00UO 2) 8.75 2.t3/_ S560/14_ | Me 0.|x1019

(2) W-Re-Me ¢ W- 10Re - (00UO_) 9. _5 zlX_ _s/tT_ 2 Re 0.7 x 1010

(3) W-Re-Me e w - 10Re - {00UO_) 8, 75 z_/_0 i_0/l_0 | He 4, 5 x 1019

(4) W-Re-Mo e W-10Re-(O0UO2) 8.75_3/Y/o Ho0/l_0 J Re 4.1 el010

LTFF-14 W-Re-Mo* W - (54UO_ + 8ThO 2) _7.9 751 1850 14 He 0. 9 x 1019

LT_F-13 _ - 5_qe )40 - _C_ 23.9 1166 1650 i_ He 1.8 . 1019

0_r_2-_(1) T_ W • 0.8To0_ - 321 984 19_0 28 _ + 20_r 5,9 x 1020
(53.4UO_ ÷ 3.8'I_.0:_)

(5_.,t_-Z * _,57.0 z)
(_) T_ W + 0.ST.O 2 - _21 964 1590 _ _l_ * 20At L5 X 10_0

(55,4_02 * 3.8T_02)

(4) T8 W+0. SThO 2 - $2.1 984 1434 25 Re+_0Ar _I. Ix_0_0

(55.4UO 2 + 3.8ThO 2)

GEFP2-7(I) Ta-10W W-(_4uO_eeTh_) 02.5 512 1690 0 He+SHE 1.$xi_ 0

(2) Ta W-(54UO,J+0ThOI) 52.3 512 1500 0 He+SH_ 1.1x1030

(3) Ta W-(_4UO2+eThO._) 8|.5 512 t530 5 _+01_ 0.9x10 J0

(4) Ta-10W W-(54UO_+eThOg) 53.3 51_ 1430 5 He+S_/ 0.8x1090

2.1 l._e_ 8 z 10 _4
a_

1.8 1.6 g 208 hr|

1.0 0.9 NR

0.53 0.4_ NR

0,5_ 0.38 h'R

0.55 0.36 NR

0.09 0,31 _H

0.01 0.22 NR

0.76 0. 18_ RMA

0.92 0.18 NR

052 0.13 NR

0. 1 1. ! 3.|19x10 -4

at 720hr

0.I -0.i_ 2 x 10 .5

•_ 929 _r

2.8 2.2_ I • 10-4
at

2,? 2-4 _ 413 hr

1.8 2.5 _

1.0 0,0

1.3 0.3V lq_

I,| 0.20 NR

0.$ 0.17 Nit

O, 7 Nil NH

IkeeLlea Zl) Ps._ced CC-B

_e110d _qP ENP

_110d :_. p_-e, ma CC-S

NO deform. Good CC-ll

NO deform. Good No

NO deform. Good No

No deform. Good No

NO deform. Good No

No deform. El El

SweLled El E1

NO deform. ENP ENP

NO deform, ENP ENP

NO deform. Good _0

specimen

pltttng

No deform. Oood

spec_

pittins

_lled 0004 C_

S_e _ted LeN_ ENP

_l.led ENP LMP

No deform. Good No

NO deform, Good No

No deform. Good No

]40 deform, ENP RNI _

No deform. ENP ENP

Kinor

Minor

Minor

None

None

None

None

E1

E!

ENP

ENP

No

lie

ENP

NIL

Yea

Minor

ENP

ENP

_l_sto _wel_t_l _s suce4ss_ [_Sed on abSenCe of ge_ornstio= _ i* "_" } e_'_m i_ l_ll type.
bE?_ 7_sti_ _ expr_o_ed ia F_u_v_lent _i _over Operation houri,
e_UCt$OO in o_er&tln_ t_rmt_r_ of _O_ o_ test wrst_t_ (110_),
dp_lemse attr_bu_ to those speelaens vhieh sbo_ Ie -b- d_rin_ po81*_8_ _ak ohsek_, _r_ o No _Isue shove recoil, P_ - _sd_ton Honi_cr AI_.

eEI o E_a_uatlon _¢o_let_. _ - _va_uatioa lot Per_ormd.
fCC - Cor_ Crackml. CC-S - (_r_ crick usoeSats_ _th ssW_tio_. _C-R - Core or&e# &ssooiat_ _itb r_pt_ _ue to _oreee caused by l&ck of separation.
8_sm_nts influenced by s_eci_a S_l]An_.

ihTest 35 - _ ps_ unless othervlse s_cltle_.preseure
W-Re44o cl_ddin_ is W - _C_e - _]4o me. _.

JClsddlng th_ekr_ss O.O]5 tnc_ ,t Ind_cstes O.010 inch clsddln_



at 3630°F for 1015 hours in a helium atmosphere. The burnu_ obtained was
2.0 x 1019 fissions/cm3. The condition of the s_ecimen at the end of this

ex-oosure was excellent; no faultin_ of the core structure nor the core -

cladding interface was noted. The fuel form was somewhat friable and

difficult to polish without pullout. No microDorosity was apparent at

the core - cladding interface. _ecause of the hi_her oDeratin_ temper-

ature of 3630°F, no sigma phase precipitation had occurred. The excel-

lent stability of this system after 2000 hours in a laboratory test at

h000°F is shown in the two center photomicrographs.

The _hotomicrographs in Figure 3.2.15 show a W-Re-Mo-clafl W-UO2-ThO 2

s_ecimen as-fabricated, after static testing, and after 3085 hours of in-

pile testing at 3000°F in a helium atmosphere. The burnup obtained was

4.0 x 1019 fissions/cm 3. q_ne irradiated microstructure shows that pre-

cipitation of sienna phase occurred during the test. In this particular

case, an extensive void formation weakened the structure at the core -

claddin_ interface and some faultin_ of the structure was evident. Post-

test evaluation of this specimen is still in progress P_.d the cause of

this void formation has not yet been fully ident'fied. It Js noteworthy

in this particular experiment that blistering of the cladding, as a re-

sult of fission gas pressure, did not occur. This result lends credence

to the premise that a significant fraction of the _aseous fission products

a% mhese burnup levels and temperatures is held in the crystal lattice

of the fueled core matrix.

710 ._EACTOR _ROGRAY, THERMAL TEST DATA

With the exception of in-pile test cartridge LT-710-1 listed in Table

5.2.i, all the data derived to date under the 710 Reactor Program have

%een generated from non-nuclear static eand dynamic testing. The current

status of these programs is shoal i_ Figure 3.2.]6.

Current failure-free tests on single-channel W-Re-Mo-clad soecimens

have reached 7800 hours in a_1 unpressurized static environment. Diametral

expansion is about 2.3 percent after 61 thermal cycles. W-}_e-_o-clad 19-

channel element PIW-ID has accumulated 4560 failure-free hours in a static

furnace pressurized to 200 psig. A slight reduction in across-flats di-

mensions was noted after hL cycles. The T-lll-clad 19-channe! elements

are also being tested in a pressurize_ atmosphere. Volumetric changes of

the soecimens currently on test are shown in Figure 3.2.17. The effect

of the 200 psig ambient nressure is quite apparent. The visual ao_ear-

alice of all specimens oa test is excellent. All sDecimens are leak-ti<ht

and ultrasonic bone insr_ection shows they are still well boneed.

Two W-}_e-[;o-cla_ _T,ecime_s were removed from test and _t;ction_d for

metallographic and electron microprobe analysis to determiz_c core - clau-

din_ interdiffusion a_d degree of bond retentio:_. The diffu_.:ion of Re

anQ _,'cfror_ the cladu[_< into the pure W matrix is <_xi_ccted to imfrove

hond retention under th<_rmal cycling co:_ditions by imcreasJ_C the low

temrerature ductility of the W matrix. Specimen AS_-6, whic]_ contsin<.d

i_,ner _'_d outer clad_ing of _:_T-30(], was c,_cled 51 times between 3900°F

and 500OF, with a total of 500 hours at 3900°F. Specimen _7C-2, contai_-

i_ff m-_ outer claddi_ of !;_-256" and N_,!P-306 inner claddi_t_, was cj:cle.J

*-,m "_ is W 25Re - 30Yo (at _
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_'_'i_L,z_,_l_,wed _y -_]!-nificant physical chazlges at test termin_tiol, and

betl_ were leak-tight _uld well bonded. Metallographic examination of both

specimens showed excellent core - cladding bonding as illustrated in Fig-

ures 3.2.1_J, 3.2.19, and 3.2.20. Sigma phase precipitation occurred in

the N5_-306 inner cladding of specimen A7C-2, as shown in Figure 3.2.18.

Because of its higher W and lower Re content, the N_rP-256 alloy remained

single phase well below 3000°F, and sigma phase precipitation was not ob-

served in the outer cladding of specimen A7C-2 (Figure 3.2.19). At 3900°F,

the i_,_-306 allo_ is also single phase as indicated by the cladding of

ASH-0 showr_ in Figure 3.2.20.

Electron microprobe scans across the core - cladding interfaces of

both specimens, Figures 3.2.21 and 3.2.22, show that the extent of the

interdiffusion zone is approximately equal on both sides of the oricinal

core - cladding interface; therefore, no significant development of dif-

fusion voids in either the claeding or the core would be expected. These

plots also show that, as diffusion proceeds, the cha_1_es in ,no, _'o, and

:I content in the interdiffusion zone become more gradual. Figure 3.2.21

also i_dicates that the N}_P-306 alloy maintains a higher Re content at

the core - cladding interface than the NMP-256 alloy, which is expected

to result in improved bond retention. Depletion of the Re in the clad-

ui_g adjacent to the original interface, as shown in Figure 3.2.21, is

reflected in the absence of sigma precipitation in the cladding next %0

the core, Figure 3.2.19.

Data from these two specimens to_ether with microvrobe data on three

other i:[,tD-306-clad specimens, obtained under the }{i_h-Temperature [,_aterials

Program, _,ere used to prepare an isochronal plot of the extent of Re and

!:o _iffusion into W-NO 2 cores as a function of temperature, Figure 3.2.25.

In all samples analyzed to date, the respective depths of Re and b_o diffu-

sion into the matrix have not been significantly different. These preli-

minary data, re_resenting only five specimens, permit a rough estimation

of the extent of interdiffusion between N_-256 and N_-306 alloy cladding

and W-U02 cores at various times and temperatures.

RADIATION EFFECTS ON MATERIAL PROPERTIES

Irradiation effects studies are being performed on the refractory

metals and their alloys under the High-Temperature Materials oro_ram.

The objective of these studies is to determine:

i. Temperatures at which irradiation-induced defects are removed in

these materials

2. Neutron dose and spectrum dependency

3. Influence of elevated temperature irradiations on t}_e hot-}_ard-

ness, tensile, nnd creep-rupture properties.

An example of the defect removal temperature _s shown _n Fi}:urc 3._!.:_I_

for Mo and several }Zo alloys. The parameter "ratio of the irradiated t_

the unirrad_ated mechanical property" is ]_resented as a funct_o;_ of the

test temperature for the case of hardness measurements and as a function

of annealing temperature for the case of tensile properties. This fss'.i!:,_

of curves shows that }_o and __4_]_/_p-TZM) recover at a temmer-
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ature sliKhtly below llO0°C (2000OF). On the other hand, the binary alloy,

_o - 50Re, shows almost complete recovery at temperatures slJ_ht]y above

600°C (llO0°F). The irradiated Mo-TZW was too brittle to tensile-test

at the low temperature.

A similar plot is shown in Figure 3.2.25 of W and several alloys of

W. Based on the present experimental data for low and intermediate fluenee

values, i.e., less than 5 x 1019 neutron/cm 2, it appears that, as a general

rule, the alloys show recovery at temperatures above 0.22 Tm and the un-

alloyed metals show recovery above 0.35 Tm. Experiments are in progress

to complete the determination of the recovery properties of those alloys

for which the data are not shown. Supplementary radiation effects testing

will be done under the 710 fuel element development prog_ram.

_UIARY OF STAZ'_;-O_-Ar_T _F [;LLEC'f];D !AT!}_!AL PI'I{FOI£iAI;CL

i. Stoichiometric U02 is compatible with the refraetoru, metals %_,

Re, Me, and their alloys.

2. Stoichiometric UO 2 clad with W, Re, Me or their alloys does not

lose oxygen significantly at hiffh temperatures in inert atmos-

pheres because of the low diffusion of oxygen through these

metals and alloys.

3. W-Pc-Me-clad W-UO 2 fuel elements which contain nonstoichiometric

fuel are unstable and subject to failure due to uranium metal

_,enetration of the cladding, deterioration of the metallic matrix,

and core - cladding separation.

L. Retention of fuel and fission products at 2900°F for over 3000

hours _d at 3600OF for at least i000 hours has been demonstrated

exq0_erimentally by W-Re-re-clad %_r-U02 test specimens containing

stoichiometric fuel. Corresr_ondinF_ burnui_s were 3.6 and 2.2 x

1019 fission/cm 3, respectivuly.

5. The W-Pe-.Wo-clad W-U_p euel materials have demonntrated burnu1_

c_mabilitv over ! x IC 2C' fissions/cm 3 a_ _<'i)c/_F for cores co:_-

tainin_ <0 volume percent fuel slid less 1.b,;_ 3 percunt _(rcslt:'.

Commlete retention of fuel and fission rroducts was obtained wSth-

out significant growth or d._stortion of the matrix structure.

6. W-Re-.We-clad UO 2 test snecimens do not _row significantly in non-

nuclear testine. A 19-channel test specimen, tested in a helium

atmosphere at 200 psig, sustained ne_li_,ible changes _n dimensions

after 4564 hours at 3000°F with I_8 thermal cycles.

7. Irradiation-induced defects are removed at lower temperatures in

alloys of W, Re, and _.'othan in the unalloyed metals.

8. The W-Re-Me cladding material is avaiiaLle com_ercially in the

form of sheet a_d plate. Fabrication nrocedures have been de-

veloped at GE-[[}_PO for ruskin 6 high-qual_ty, thin-wall tubin T.

9. Procedures have been developed for fabricatinc the ',,'-_e-_<oma-

terials into the geom_:ries required for fuel eleme_t fair, ca-

tion and for metallurgically bondins th,: cladding to the fueled

matrix.

i0. Procedures _ave been developed for pree_s<l:" controllin_ the

sLoichiometr% _ of W-UO 2 matrices contai:li:l_ (,0 volume i,ercent fu_,].

RLSE;_C[: PROBLEMS

A review of the current status of refractorj_-metal fuel element tech-
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nolo_ indicates that effort is needed to establish the burnup capability

a_d dimensional .stability of the W-I_e-Mo-clad W-UO 2 matrix for the condi-

tiens imposed by the aircraft application.* While in-pile test results

iiave sJ_o_ the W-Re-Ho cladding capable of fission nroduct retention for

over 30<Jo hours at 3000°F, no specimens have been tested to the burnups

of this particular reactor application. Such testing is required to es-

tablish the capability of the fuel element materials to meet the require-

ments of ANP. In decreasing order of importance, data are needed on the

effects of irradiation on the mechanical and physical properties of clad-

ding, matrix metal, and fuel agglomerates; the optimum matrix material

compositions; and the degree of mobility of fission _ases within the matrix.

Research on these problems is currently beine conducted by CE-N}.qDO

under both the High-Temperature Materials Program told fhe 710 Pe_ctor

Systems _roJeet. In-pile test cartridges now being, tested or scheduled

for testin_ in the near future are listed in Table 3.2.2 which summarizes

_ertinent test data. The 0PRF-2 and LTFF-I4 test cnrtridqes were pre-

_.-'-red under the Hi,h-Temperature _laterials Program; tl,e other test car-

trid=es are _art of the 710 Reactor Systems Project fucl element develm'-

ment ,_ro_ram. In addition to the in-_ile test _ro_ram, out-of-pile tests

are being. _erformed under both tasks to evaluate refractor?z-metal fuel

element performance under various non-nuclear conditions. The following

are the H'[gh-Temperature Materials Program work plans:

i. Thermal stability test Dro_ram

a. lO,O00-hour tests to investigate various claddin_ and matrix

material combinations between 2550 ° and 3630°F.

b. 1,000-hour tests to investigate fuel additives and claddin_ -

matrix compositions above h500°F.

2. Thermal cyclin< growth study

a. Evaluate better fuel dispersions and coated fuel particles

b. Evaluate W-alloy-clad specimens with stoichiometric fuel plus

diffusion treatment at high temperatures

c. Establish an understanding of the mechanism of growth

3. Core opti,llz_ion

a. Study coated spheroidized fuel particles

b. Determine the optimum uniform fuel particle size

The 710 non-nuclear static tests now in mro_ress have been described

previously in ti.e engineering test data section. Two additional ]!_-cnannel,

parti'_l-ien_th, _-L-bo-clsd W-UO 2 fuel elements are scheduled for static

testing early Jn CY-(//. Four 19-channel, full-len_th, W-Re-I.'o-claa W-UO 2

fuel e!eme::ts a_d two single-channel, full-len_th, W-iie-b'o-c!ad W-UO 2 speci-

mens are scheduled to be_in dynamic testin_ durin_ CY-<7. These s_ecimens

will be resistively heated to simulate the internal heat _eneration of _m

actual fuel element.

In summar;,,, test results _{_'rld _,ost-test eva]u:{tio_: cf curr<_nt "rod

)-,is&ned test specime_n_ described abow _ should yie].:] >'trt <.,f t.i:c ]nt_ re-

,iuir_d to demonstrat,_ the r,:quired fuel mn.terinl] pet-e,,rp.n_('< , <cr ,.Trcrp._t

_4.F lic-'zt io:,.

_Per Table 5.5.2.
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3.2.2 Reflector Materials

The three candidate materials considered for the reflector are Be,

BeO, and Mo. Although the two metals, Be and Mo, have reasonably good

ductility in the unirradiated condition, the design c_ probably be made

so that ductility is not an important consideration for any of the re-

flector materials since the reflector is not a structural element.

REFLECTOR MATERIAL REQUIREMENTS

The specific requirements for the reflector materials include:

i. A minimum design life of 2000 hours

2. A design-point temperature level of 400°F

3. An integrated neutron flux (> 1 Mev) of about 2 x 1021 nvt

4. Adequate corrosion resistance in a water environment at the de-

sign temperature or capable of bein_ canned or clad with a suit-

able corrosion-resistant material

5. Sufficient strength to supmort itself or capable of being canned

or clad with a structural material to provide the required support.

6. Meet nuclear requirements

CANDIDATE REFLECTOR MATERIALS

Primarily due to the neutronic requirements of a reflector material,

the three candidate materials selected were Be, BeO, and Mo. Although

fabrication procedures are well established for all these materials,

special precautions are required in handling and fabricating Be and BeO

due to their toxic nature. They are all readily available commercially

and can be fabricated in the shades and sizes that would be required for

the reflector. However, it is assumed that, in the case of BeO, it would

be necessary to provide a structural can to support the reflector pieces.

The properties of the candidate reflector materials are summarized in

Table A3.1 and Figures A3.1 through A3.7 of Appendix A. With the con-

currence of NASA, Mo was selected as the reference reflector material.

MOLYBDENUM PROPERTIES AND FABRICATION PROCESSES

Physical Properties

_olybdenum has a density of 0.369 ib/in. 3, a melting temperature of

approximately h750°F, and is normally available commercially with a purity

of 99.9 percent (the principal impurity being carbon which is normally

less than 0.04 percent).

Thermal Properties

The effects of temperature on the thermal conductivity, specific

heat, and mean coefficient of thermal expansion are shown in Figures

A3.1, A3.7, and A3.2, respectively.

Mechanical Properties

The effect of temperature on the modulus of elasticity is shown in
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Figure A3.6. The value of Poisson's ratio at room temperature and for

arc-cast material .is approximately 0.32 and for the _owder-metallur_y

material about 0.31 and there is little variance in these values from

room temperature to ll00°F. Figures A3.3, A3.h, _md A3.5 snow the effect

of temperature on the ultimate tensile strength, yield strength, and

elongation, respectively. The properties should only be considered as

"a typical set" of mechanical properties for Mo since the strength and

ductility properties of a material normally are dependent upon its com-

plete nrocessin_ history.

Effects of Irradiation

Since the reflector material is not required to perform a structural

role other than supporting its own weight and since it was assumed that

the design could be made on the basis of a "semi-brittle" material, the

effects of radiation are not considered to be of great importance for

the reflector material. The rather limited amount of irradiation data

available I does indicate that this assumption of a semi-brittle material

is, in fact, required since the elongation at fracture was zero in a

room-temperature test after irradiation to 5.1 x 1019 nvt (> 1 Mev) at

200°_, while the tensile strength increased by 50 percent. Additional

data on the effects of irradiation on the properties of Mo obtained

under the GE-NE_O Hi,h-Temperature _._aterials Program are shown in Fig-

ure 3.2.24.

Fabrication

2
Molybdenum is readily formable by forging, using establishes practices.

Peference 2 also _ives a brief summary of recommended machinin_ practices.

it can be welded by arc, electrical resistance, _ercussion, flash, or

electron-beam technioues. ProT_erly welded material has _ood ductility at

room temperature. Pivetin_ can also be used successfully for sheet ma-

terial. Stress relief of all welded joints is recommended.

MZ_C}{ANICAL AND T}IER_L TEST DATA

While considerable engineering experience is available on the use of

Mo, no directly applicable engineering-type mechanical and thermal test

data were found.

CORROSION - EROSION DATA

Corrosion

Available data indicate 3 no corrosion mrob!ems in accessed water at

the design point conditions. However, _o does oxidize rapidly at temper-

atures above 1000°F and therefore no aftercoolin_ method employin_ air

as a coolant could be considered unless the reflector temperature is well

below 1000°F throughout the period of aftercoolinc.

ly. j. Makin and E. Gillies, "The Effect of Neutron Irradiation on the

Mechanical Properties of Molybdenum and Tungsten," J. Inst. of Netals,

_6, 195_.
2Aerospace Structural _,:etals Handbook, ASD-TDR-63-741, Volume II.

3LaOue and Copson, "Corrosion Resistance of Metals s_d Alloys,' Second

Edition, Reinhold Publishing Company, New York, N. Y.
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Erosion

No snecific erosion data were found for Mo.

SU_4ARY OF MOLYBDENUM STATE-OF-THE-ART MATERIAL PERFORMANCE

The available data indicate that _o can meet the requirements for

the reflector material on a state-of-the-art basis assuming the design

could be made on the basis of a semi-brittle material. In addition, it

appears that the iife Capability could be extended _'ell beyond 200() hours
on a state-of-the-art b_sis.

RESEARCH PROBLEMS

On'the basis of the available data, there does not aonear to be

need for any basic materials research and develooment effort in order to

use _o as the reflector material.
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Fig. 3.2.1 -Exploded view of 19-channel partial-length fuel element



N

E

I

U
om

D

Q.

0

E
0

I

N

o

o_

U.

o

c
0 o-

c._ o

o c

o o

o c_

LU

N _ o

.._ o _

_ c _

o_



42

Polishing

voids

Fuel

44 to 74 Microns

(0.0017 to 0.0029 inch)

W Matri x

Fig. 3.2.3-Photomicrograph of 40W-60(UO 2 + additive), volume percent;
sintered to 95 percent of theoretical density

(Neg. 6389, as-polished, 200X)
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W-Re-Mo

cladding

.,_,,..._'_3_ " • _,*_-i_'_',_ o _ _ _-'_

F_ i_: ':_i:.,_. ' L_t_ r ": ___.:_ "__.

. "_l_lr...._. _.,_.-.'._...._ '. . ._:-.:-:_.,.-_..:.

Fig. 3.2.4-W-Re-Mo cladding bonded to W-60UO 2

fueled matrix, as bonded at 3180°F and

10,000 psi.for 3 hours (A.S-517)
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500 hours 2500 hours

5500 hours 10,000 hours

Fig. 3.2.6-T-Ill-clad W-UO2 specimens after 1600°C tests up to 10,000 hours

(AS-510, lOOX)
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Fig. 3.2.7-W-30Re-30Mo-clad W-UO 2 thermal cycled to 1650°C (AS.577, 700X)
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o

Fig. 3.2.8-W-30Re-30Mo-clad W-60UO2 after 1900 hours at 1600°C (A5-502, 200X)
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Fig. 3.2.9-M0-50Re-clad Mo-UO2-ThO 2 after 2000 hours at 16000C AS-503, 200X)
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1021

Fig. 3.2.13- Summary of results from refractory-metol in-pile

test specimens

NOTE: Burnup rates (fissions'cm3-hr): 1.5-4 x 10 ]7, 8 x 10 16,

I - 2 x ]016; cladding matericls: Ta, Ta- lOW, W- 30Re- 30Mo;

different core porosities; different geometries; and variations

in fabrication procedure are represented by the data.

Temperature, °C
1650

E
U

t-
O

I/1

Q.

e-

1020

1019
4.0

v GEFP2-4-

GEFP2-4-2

GE
GEFP2-6-1

?,,
GEFP2-6-4

GEFP2-6-3

G.EFP2-5-1,_
GEFP2-5-4

1 Currently

leak-free

FP2-3-
V

/
/

_LTFF-9O LTFF-8

vGE

GEFP2-7-

/

FP2-3-4

demonstrated

capability

O GEFP2-4-4

1
oGEFP2-7-4

/ GE FP2.-7- 3--
O-_ GEFP2.7.2 J'_

ORRF. i_____0_ GEF P

GEFP2-6-2

GEFP2-5-2_ GEFP2 5-3

LTFF-II 0

I

GEFP2-3-2

O
2-3-3

LT-710-1

V Specimen leaked_

fission gas

O No leak s

4.4 4.8 5.2

Reciprocal absolute temperature,

5.6 6.0

104

6.4
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306 alloy cladding

with sigma phase

precipitates

W - 41.4U0 2 - 4.6ThO 2

m atri x

Fig. 3.2.18-Photomicrograph of transverse section of specimen A7C-2
after 300 hours at 3000°F showing condition of matrix bond
with 306 alloy inner cladding and sigma phase precipitation
in cladding grain boundaries ('Neg. 7388, as-polished, IOOX)

-.i 256 allay cladding

W- 41.4U0 2 - 4.6ThO 2

matrix

Fig. 3.2.19-Photomicrograph of transverse section of specimen A7C-2
after 300 hours at 3000°F showing condition of matrix bond

with 256 alloy outer cladding (Neg. 7387, as-polished, IOOX)
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306 alloy cladding

W- 41.4UO 2- 4.6ThO 2

matrix

Fig. 3.2.20-Photomicrograph of transverse section through specimen

ASH-6 after 500 hours a! 3900°F showing bond of matrix with

inner 306 alloy cladding (Neg. 7389, as-po/ishecL IOOX)

too I I i ."
300,hours at 3000oF in He I I

90 42 therm(:i cycles _'

256 alloy ...... Ioddincj J _,/ f306 alloy inner cladding

. .__ W (UO2+ ThO 2) matrlx I _°
__ 306 _ __

256 -- -- m

8O

70

6O

5O

40

/

Cladding Matrix

30 _ •

20

10

0.0015 0 0010 0,0005 ! 0 04)05 0.0010 0 0015

Distance from original clod-matrix _nf(!r_ac e _ ir_c_es

Fig. 3.2.21 -Plot of electron microprobe scan showing cladding-matrix

interdiffusion in specimen A7C-2
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100

90

8O

7O

6O

u

4o

3O

2O

10

W

B
Re

m Mo

i

I

J i 500 hours at_3900°F in He

J 51 thermal cycles
306 alloy cladding

J W-(UO2+ThO2) matrix

0
0 0.005 0.010 0.015 0.020 0.025

Distance from cladding OD surface, inches

Fig. 3.2.22-Plot of electron microprobe scan showing cladding-matrix
interdiffusion in specimen ASH-6
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Fig. 3.2.23-Re and Mo diffusion into W as a function of temperature
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3.3 [[ON-ilUCLEAR MATERIALS SURVEY ; SELECTION _ AND ASSESSMJgNT

The term "non-nuclear materials" as used herein refers to all the

materials for use in the reactor system other than those which are an

integral part of the fuel elements or reflector. Specifically, this

section summarizes the evaluation of candidate materials for the pressure

vessel, ducting, supporting structures, and the valves and seals as apFli-

cable.

3.3.1 Pressure Vessel Materials

_._TERIAL REqUIPZ_NTS

The system design concept, described in section 2, utilizes the outer

spherical shell as the primary pressure-containing member for the system.

The principal requirements for the pressure shell material are:

I. Sufficient tensile strength at the design temperature (aporoxi-

mately h00°F) to contain the design internal pressure of 1500

psi without any permanent gross distortion
2. Sufficient tensile creep- and short-time strengths to limit any

off-design-point permanent gross deformations (e.g., the after-

cooling condition) to a maximum of 0.2 percent over the design

lifetime

3. Sufficient strain (low-cycle) fatigue strength to accommodate

the local plastic deformations associated with stress risers

and local thermal stresses

4. Sufficient tensile creep strength to prevent rupture of tile

vessel for the specified post-crash core meltdown accident con-

dition (see section 5.3.6)

5. Adequate resistance to corrosion by water at the design temper-

ature for the design life

6. Suitable formability and weldability properties to permit fabri-

cation of a vessel in the size and thickness required

7. A nil-ductility temperature which is at least 60°F below the

lowest temperature at which the vessel will be pressurized or

be subject to shock loading as in the crash condition

8. Either adequate oxidation resistance or compatibility with a

suitable cladding material to provide the required oxidation re-

sistance for the external surface of the vessel for the soeci-

fled post-crash core meltdown accident conditions

9. Retain adequate strength and ductility properties throughout the

design life under the combined action of the thermal, fluid, and

neutron flux environments.

CANDIDATE PRESSURE VESSEL MATERIALS

The specified post-crash condition of a pressure shell capable of

containing 1500 psi at 3000°F for i000 minutes immediately eliminates

all the normal high-temperature oxidation-resistant alloys as potential

pressure vessel materials. Accordingly, only the refractory metals and

their alloys cm_ be considered. Many of these, e.g., W and some W alloys,

must be eliminated since they lack adequate ductility or have too high a

nil-ductility temperature. Others (e.g., Ta, Nb, and No) were eliminated
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on tile basis of low creep strength at 3000°F. On the basis of the infor-

mation available in the literature, the Ta alloys, Ta - 10W, T-Ill, m,d

T-222 appear to offer the most promise and are selected as the candidate

materials for tile pressure vessel. Since these alloys are only slightly

different in composition, many of their properties (see Appeneix A) and

procedures for fabrication are quite similar.

Although fabrication and weldin_ procedures are quite well established

for thin sheet material, I no data are available on fabrication and weldin_

of these materials in the thicknesses required for the pressure shell.

_,_ATERIALS DATA FOR Tile PRESSURE VESSEL _,_TERIALS

_,'aterials Properties and Fabrication Processes

Physical Properties - These alloys all have a densi{y of approxi-

mately 0.6 ib/in. 3, estimated melting temperatures between 5400°F and

5500OF, and nominal chemical compositions as follows:

Composition, wt
Element Ta - 10W T-Ill T-222

W i0 7 - 9 i0

}if - 2 - 2.[, 2.5

Ta Bal. Bal. Bal.

Thermal Properties - The effect of temperature on the thermal con-

ductivity of Ta is shown in Figure Al.1. It is assumed that, due to the

small alloying additions involved in the three alloys of Ta, they wil]

have essentis,lly the same thermal conductivity as pure Ta. A similar

assumr, tion was made (and in some cases substantiated by limited available

data) with regard to the enthalpy which is shown im Figure A1.6 Th(_ var-

iation of thermal expansion with temperature for T-111 is shown i_ Figure

B1.2; the other two alloys are assumed to have essentially the same ex-

pansion properties. A similar assumption was made with respect to the

electrical resistivity which is shown in Figure A1.7.

Mechanical Properties - The effect of temperature on the modulus of

elasticity of the three alloys (based on Ta - lOW and Ta data) is sho_m

in Figure A1.5. No value of Poisson's ratio was found for these materials

other than a room-temperature value of 0.35 for commercially pure Ta.

Figures A1.3 and Al.4 give typical ranges of ultimate tensile strength,

yield strength, and elongation as functions of temperature. These strength

properties are primarily based upon data from thin sheet and rod stock.

A substantial development program would be required to establish strength

properties for these materials in the thicknesses required for the pressure
vessel.

l"The Engineering Properties of Tantalum and Tantalum Alleys," B_q, DMIC

189, September 1963.
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The same is true of the creep rupture properties of thin sheet stock,±

shown in Figure 3.3.1 in a Larson-Miller plot. For the specified post-

crash accident conditions on the vessel of 3000°F with 15OO psi internal

pressure for i000 minutes and using 80 percent of the iO00-minute creep-

rupture strength as the design allowable, the required thickness of the

containment vessel is determined from

P + I]s - (2 x 0.8)

to be approximately 6 inches

Effects of Irradiation - A limited number of Ta - 10W tensile test

specimens have been irradiated to approximately 2 x 1019 nvt (> 1 May)

under the GE-NMPO High-Temperature Materials Program; however, the ten-

sile testing of these specimens has not yet been accomplished. No other

data were found in the literature on irradiation effects on any of the

three candidate pressure vessel materials. Limited data do exist 2 for

Ta irradiated at -150°F and tested at room temperature. These data indi-

cate si@nificant losses of ductility at 7.8 x 1019 nvt and 1.6 x 1020 nvt

(> l !Cev).

It Should be noted that irradiation-induced defects can be eliminated

by annealing or by operating at sufficiently high temperature so that de-

fect removal rates are higher than production rates, and that the required

temperature for recovery is lower for alloys than for the pure metal (see

section 3.2).

Fabrication - As reported elsewhere,3,h all three of these alloys

appear to }lave good fabricability. However, this information is based

on results for thin sheet and small diameter rod and tubing material.

Considerable development work would be required to demonstrate fabrica-

bility in the thicknesses required for the pressure vessel. The same

situation exists with regard to machining and welding of these alloys.

No particular difficulty has been encountered in the small sizes, but con-

siderable development work is required to establish the feasibility of

using these materials in the thicknesses required for the pressure vessel.

Mechanical and Thermal Test Data

1;o directly applicable data on engineering type mechanical and ther-

mal tests were found for any of these alloys in the thicknesses required

for the pressure vessel.

,)

=S. H. Bush, "Irradiation Effects on Structural Materials," HW-81334 -

Part 2, October 1964.

3DMIC 189, Ibid.

h"Pilot Production and Evaluation of Tantalum Alloy Sheet," Westinghouse

Astronuclear Laboratories, WANL-PR-5'-014, October 1965.

.... ' ', ;C 9 _"t- -
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Corrosion - Erosion Data

Corrosion - Available data on the corrosion of Ta alloys do not in-

dicate _y potential corrosion problem at the design temperature (h00OF)

in either an air or water environment. However, since Ta is known 5 to

oxidize rapidly in air at temperatures above 2552°F and tarnishes in 2h

hours at 572°F, this would place limitations on any aftercooling method

involving the use of air as the coolant unless _i appropriate oxidation-

resistant cladding material could be used.

However, the specified post-crash accident condition appears to be

the most severe condition from a corrosion standpoint since nickel based

oxidation-resistant cladding materials have melting temperatures in the

range from 2300 ° to 2800°F, and would not, therefore, be suitable as a

cladding in the usu_l sense. If this s_ecifie_ con<iition cannot be re-

laxed, development effort would be required to establish a suitable means

for providing oxidation protection such as iridium-base coating for the

pressure vessel during the specified accident condition.

Erosion - No applicable data were found.

State-0f-The-Art _:aterial Performance

Available data on these materials indicate that any of the three can-

didate materials can potentially satisfy the design-point conditions.

Data are lacking for strength properties or for fabrication procedures in

the thicknesses required; hence, development work is required both from

the fabricahility and the strength standpoints. In addition, the specified

post-crash accident conditions cannot 5e met on a state-of-the-art basis

from a corrosion standpoint, assuming the existinc data to be valid for

the thicker material required.

Primary Research Problems

Three major areas of research and development are evident for the

pressure vessel material:

i. Development of fabrication procedures for the thicknesses required

for the pressure vessel

2. Determination of the mechanical properties attainable in the thick-

nesses required for the pressure vessel

3. Development of a suitable means for providin6 oxidation protection

for the pressure vessel for the specified _ost-crash accident con-

dition.

Another area which may require development work is in the det_'rmination

of irradiation effects on the pressure vessel material, Tllis will depend

on the neutron flux at the pressure vessel.

C. A. Hampel, "Rare Metals Handbook," Second Edition, Chapman and Hall,

London, 1961.
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3.3.2 Structural Materials

As used herein, the term "structural materials" includes the materials

for the tube sheet, the inner shell, ducting, and all supporting structures

for comnonents within the prima_y pressure vessel.

STRUCTURAL _TERIAL REqUIREMEHTS

The specific requirements for these materials include the following:

i. A minimum design life of 2000 hours

2. A design temperature level of llO0°F for the tube sheet and

350°F for all other structures

3. Strength properties sufficient to insure no permanent distortion

at limit load conditions and no failures at the ultimate load

conditions

L, Retention of adequate strength and ductility properties with in-

tegrated neutron fluxes (> 1 51ev) of the order of 2 x 1021 nvt

5. Adequate corrosion resistance for 2000 hours at 350°F in _ water

environment
/

o. An endurance limit sufficient to assure no failure due to vibra-

tion-induced stresses

7. Low-cycle or strain-fatigue strength properties sufficient to

accommodate localized plastic strains due to stress risers or

local thermal stresses.

CANDIDATE STRUCTURAL 5_TERIALS

To minimize development requirements, only well-known alloys were

considered as candidate materials for the structures. These include

stainless steel types 304, 316, and 3h7; Inconel 600 and 625 and Incoloy

800; and Hastelloy C and X. These are all materials which are available

commercially, for which a relatively large amount of materials property

data are available, and for which the fabrication procedures (including

welding) have been established. The unirradiated material properties for

these materials are summarized in Table A2.1 and Figures A2.1 through

A2.7 of Appendix A. In the case of the ultimate tensile strencth, yield

strength, and elongation at fracture, the data are prc:;ented as _L range

for each of the three basic groups of materials (i.e., the stainless

steels, the Inconel/Incoloys, _d the IIastelloys) simc_ sT)ecific mcchml-

icai properties for a given material will, in £eneral, be a function of

the neat treatment, amount and type of cold work, specific chemical com-

position, and the supplying vendor.

On the basis of these data together with data on irradiation effects

(discussed in following paragraphs) on the strength and ductility proper-

ties for these materials, Inconel 625 was selected as the structural ma-

terial. The principal reasons for t_is selection are (I) its high strength

at the design temperature (see Figure 3.3.2), (2) its excellent ductility,

and (3) it suffers relatively little degradation of the mechanical nro-

perties due to irradiation up to integrated neutron fluxes of 1.5 x 1021

nvt (> I Mev) and for irradiation temperatures as high as 1364°F (see

Figures 3.3.3 and 3.3.4, from Claudson. 6) The other materials are not

OT. T. Claudson, "Effects of Neutron Irradiat1_oj_ibUpon the _echar.ical Pro-
terries of Inconel 625,"_-s, BNWL-153_ October 1965.



preferred because: (i) The austenitic stainless st_e]s are kno_n to be

susceptible to chloride stress corrosion at temT_eratures above 250°F with

relatively small concentrations of cillorides (a few ppla) and suffer sub-

st_tial losses in ductility due to irradiation at levels of the order

of 1021 nvt and greater;7 (2) the llastelloys suffer severe losses of duc-

tility at irradiation levels as low as 1020 when irradiated at 1200°F

and, in general, much less is Ki_own about the effects of irradiation on

these alloys;7 and (3) substantially less information was found in the

literature on irradiation effects on Inconel 600 _,d Incoloy 800 than

on the Inconel 625.

r._,TERIALS DATA FOR INCONEL 625

b_aterial Properties and Fabrication Processes

Phjsieai Properties - Inconel 625 has a density of 0.305 ib/in. 3

a melting range of 2350 ° to 2460°F. Its chemical composition is"

and

Element Percent

Chromium 20.0 - 23.0

Iron 5.0 max.

Niobium + Tantalum 3.15 - 4.15

Manganese 0.50 max.

Silicon 0.50 max.

Carbon 0.IO max.

Sulfur 0.015 max.

Aluminum 0.40 max.

Titanium 0.40 max.

_olybdenum 8.0 - i0.0

Cobalt 1.00 max.

Nickel Remainaer

Thermal Properties - The effect of temperature on the thermal con-

ductivity and specific heat of Inconel 625 is shown in Figures A2.1 and

A2.7, respectively. The temperature dependence of ti_e me_ coefficient

of thermal expansion is shown in Figure A2.2.

Mechanical Properties - The effect of temoerature on the modulus of

elasticity is shown in Figure A2.5. The value of Poisson's ratio for

Inconel 625 at room temperature is approximately 0.3] and increases with

increasing temperature to a value of approximately 0.33 at 1400°F. Figure

3.3.2 gives a typical set of short-time tensile _id creep properties for

Inconel 625. As previously discussed, these can only be considered as

"a typical set" of mechanical properties for this material since strength

properties are usually a strong function of the processing history of

the material.

Effects of Irradiation - Claudson 6 gives a rather comprehensive eval-

uation of the effects of irradiation on the mechanical properties of

inconel 625. The data presented by Claudson cover the test temperature

7Bush, op. cit.
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range from roora tempur_tture to 1200°F, ah irradiatio1_ t_m,_erature r:_n_e

from reactor ambient (% 120OF) to % 1360°F, and an integrated neutron dose

from 4 x 1019 to 1.46 x 1021 nvt (> i _4ev). Claudson's data as plotted

in Figure 3.3.3 show the effect of neutron exposure (at 5hO°F) on the ten-

sile strength properties of Inconel 625 at room temperature and i200°F.

From this, it is evident that, for the temperatures and exposures covered,

the radiation effects are quite small. Figure 3.3.4 shows the effect of

irradiation temperature on the room-temperature tensile properties. Claud-

son notes that the control specimens were exposed to the same thermal

history as the irradiated specimens to eliminate thermal ag]n_ effects

from the results. As Claudson points out, the thermal agin_ effects are

of the same order of magnitude as the irradiation effects.

Fabrication $ - Inconel (]25 can be both hot- and cold-formed by stan-

dard processes; due to its higher strength, however, somewhat higher

forces are required. Hot working should be done in the temperature range

from 1850 ° to 2150°F.

Inconel 625 may be inert gas welded with either a W electrode or a

consumable electrode of Inconel Filler Metal 625. Excellent welds nave

been made in 0.5-inch-thick annealed plate. $ The tensile strer_th of the

wel_ is about 80 percen_ of that of the parent metal while the yield

stren_til is sligi_tly greater than that of the parent metal.

:'.eci_anical and Thermal Test Data

_,o directly applicable as,ta on _-nzineerinc type mech_.ical and ther-

mal tests were fou_d for the Inconel 625 Alloy.

Corrosion - hrosior_ bo.ta _j

'Corrosion - Inter el 625 exhibits excellent resistance to oxidation

at temperatures up to lbO0OF; a weight change of -0.O[_] percent after a

lO00-hour cyclic test to 1800°F is reported. 8 Also rel_orted is all essen-

tially zero corrosion rate in fresh water. Data o_ attack by various

acid and salt solutions are also F,iven. Of particular interest is a

stress-corrosion crackling test of a far specimen exnosed to a boi!in_,

42 percent Mg-CI solution for 90 days_ no evidence of cracking was found.

Erosion - No applicable data were found.

State-Of-The-Art _aterial Performance

The available data indicate that the Inconel 625 ms teri_l si_ould be

satisfactory for ti_e structural components within the main _ressur,:, vessel.

This alloy has excellent strength and ductility at temr_eraturc, s as i:ic}_

as i20C°F and usable strength as high as about 15OO°F for It)uO i_o[_rs.

Claudson's data indicate t_at it retains adequate strength an_ ductility

to satisfy the strength requirements _;et forth i,_ section 3.3.2. q'i__

availaLic corrosion uat;_ uo not i_dic_tc a_y pote_t]:_l corrosion orot,lcm_

with Inconel ,625 unless an off-design co_dition should re_uire t.l_e intro-

duction of air at structural temperatures above 1800°F.

6"Preliminary Data of Inconel Alloy 625," Iluntington Alloy Products Div.,

Technical Bulletin S-I'0.







72

The endura_ce limit of about 90,_k)O. psi at 10 _ cycle._ chould be ade-
quate for vibration-itJduced stresses.

Although no low-cycle nor strain-fatigue data were found, the combi-

nation of high ductility and high strength exhibited by this material

(even after irradiation) would lead one to expect adequate strain fatigue

strength. This is based on tile relationships proposed by Coffin, _4anson

mm others, together with tile extensive strain fatigue data svai!ab!e for

this general class of materials, i.e., the Inconels and the austenitic
stainless steels.

Primar_ Research Problems

Although In6onel 625 is currently available commercially in many

standard sizes of sheet, bar, tubing, and plate, the h.00 inch thickness

required for the tube sheet supporting the fuel elements at the inlet

end is appreciably greater than is currently available commercially. Ac-

cordingly, a development program would be required to demonstrate that

such a plate can be successfully manufactured with strength and ductility

properties approaching those of the rod and sheet material typified by the
data of Figure 3.3.2.

3.4 ASSESSmeNT OF COOLANT IMPURITY EFFECTS

A major effort underway in the 710 Reactor Program is the design, con-

struction, and operation of dynamic facilities for testing both single-

m_d multi-channel fuel elements with inert gas coolm_t. One sin_le- and

one multi-channel test loop are now _n operatiom; a schematic of these

loops is shown in Figure 3.h.l. Design parameters for the loops are given

in Tables 3.h.l and 3.4.2. Major components of the loons are (i) test

sections, (2) gas purification system, (3) gas pre-heater, (4) gas supply

system, (5) gas recovery systems, _id (6) gas circulator (gas-bearing

circulator in the multi-channel loon and diaphragm pumFs in the sin_le-

cz.anne_ loop). _ese loops are interconnected at the vacuum system and

at the gas supply and recovery system:;. An addJtJona] test section is

being installed in the multi-charnel fuel element test loon: a schematic

of tilis installation is shown in FiEure 3.4.2. Figure 3.4.3 is a photo-

graph of the multi-cilannel fuel element test loop; the second test sec-

tion will be installed immediately to the right of the test section shown.

Another test loop having two additional multi-channel fuel element test

sections is in the aesign and fabrication stage and will be installe(i in

a new test facility. A schematic of this loon _s shown in Figure 3.h.h.

Experience gained in the design, construction, ana operation of the

dynamic test facilities indicates that the major gas i_purity problems

to be encountered in a circulating gas loop aris< from seal leakage and

out-gassing of components. These potential problems were recognized in

the design of the circulating system, and a concentrated ef¢ort was made

to minimize them. Cleaning and out-gassing procedures and specifications

were established for all loop components and were ricidly sdhered to in

the fabrication and' assembly. Joints were welded whenever possible; how-

ever, when separable Joints were necessary, Conoseal* tube and pipe

*Aeroquip Corp., Indianapolis, Indiana.
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joillts wt:Pc u'_;t:d. Pl_tll/;Cs on th(: tc:;t sectJon.q w_._rt3 a.l.qo rnL_C_lJll_,d to L_IC

Col_o_.:,.'_l geom,:try. Tt_e_;e seals have proved to be exeeptiona].ly leak-tight

_:c stable under bot}_ vacuum and pressure conditions.

Valves are anotaer potential source of impurities or leaks in the

system. All valves used in the primary gas system are of the bellows-

sealea type and have proved to be adequate.

The mechanical and thermodynamic performance of the gas-bearing cir-

culator met performance specifications; however, the rate at which the

circulator released contaminants to the loop gas did not,9 and it was

necessary to install a separate gas purification loop to the circulator

motor cavity to maintain an impurity level of 5 ppm total impurity as

specified for the multi-channel fuel element test loop.

Operation of the dynamic test loops has been exceptionally stable.

A 3000-hour test has been completed in the single-channel test ioo_ with

an _O-percent utilization factor, and a 10GO-hour test is nearin< comple-

tion in the multi-channel test loop. Operating parameters for the multi-

channel, full-length fuel element dynamic test loop are shown in Table

3.4.3. Gaseous impurities in the loops during operation have remained

at or below the detection limits of the gas chromatograph.

The gas chromatograph is aa integral part of the loops. It was de-

signed to use helium as a carrier gas to analyze helium, neon, _id hy-

drogen, or a mixture of these three gases. Krypton can also be determined.

Limits of detection for trace impurities in neon or helium are given in

Table 3.4.4.

i:: summary, the dynamic gas test experience has si_own that by care-

ful design of the closed gas circuit _d by monitoring, the im1_urity con-

te_t of the circulating vas, sources of difficulty c_n bc idc'mtified and

corrected to the extent that impurity effects arc of _le_li_i!_[e _'oncem_.

9H. k. Wagner and P_. E. Tallman, "Evaluation of a _echm:ical Teci'xology,

Inc. Gas-bearing Circulator," GE-NMPO, CE_-479,
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TABLE 3.4.1

SINGLE-CHANNEL FUEL ELEMENT DYNAMIC LOOP

Design pressure, test section, psig

Design pressure, gas supply and recovery systems, psig

Maximum flow rate at design conditions (neon), ft3/min

Test section inlet gas temperature, °F

Test element outlet gas temperature, °F

Heat exchanger gas outlet temperature, °F

Preheater design temperature, °F

Test section pressure vessel design temperature, °F

Purifier maximum flow rate, ft3/hr

Recovery system volume, in. 3

1100

1650

0.36 (0. 01944 lb/sec)

650

3500

120

1000

3OO

10

6000

TABLE 3.4.2

MULTI-CHANNEL FUEL ELEMENT DYNAMIC LOOP DESIGN PARAMETERS

Test section design pressure, psig 1100

Gas bearing circulator design pressure, psia 1000

Maximum flow rate at loop operating conditions (neon), ft3/mtn 14.8 (0.426 lb/sec)

Test section inlet gas temperature, °F 650

Test section outlet gas temperature, °F 3500

Gas bearing circulator inlet gas temperature (max), °F 400
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TABLE 3.4.3

OPERATING PARAMETERS OF THE

MULTI-CHANNEL FULL-LENGTH

FUEL ELEMENT DYNAMIC TEST LOOP

Test atmosphere Neon

Operating pressure, psig 200

Flow rate, lb/sec 0.066

Maximum specimen temperature, ° F 3000

Inlet gas temperature, ° F 465

Outlet gas temperature, °F 2200

TABLE 3.4.4

LIMITS OF DETECTION FOR GAS CHROMATOGRAPH

Limit of Detection, ppb

Thermal Conductivity

Impurity Ionization Detector a Detector b

H2 c 300 800

o2d 100 50

A.r 300 50

N 2 300 50

Kr 200 50

CH 4 100 50

CO 500 200

CO 2 50 50

aFlow ratc: 100 ml/min.

bFlow rate: 18 ml//min.

CCan be determined in He only.

do 2 and Ar are not separated during the analysis.

Relative amounts present can be obtained by com-

parison of the response of both detectors.

f lt}:
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Fig. 3.4.3.-Multi-channel fuel element dynamic loop No. 1 behind test

area barrier (Neg. P66-8-?SA)



79

! 1

o

i

i,,,,..

U,j

Z

0

0

,-.I

0

E
.m

u
._

0

E

U
v)

i.
0
C

E

Q.
I

LL

z_





81

_i__!_ _',__ _i_;_ _L_ _"__ii_i_

h. GAS CIRCULATOR SYSTEM

h.l GENERAL

The results of analysis and assessment of the blower cycle and gas-

generator cycle methods of circulating helium through the reactor - heat-

exchanger primary loop are presented. Schematic diagrams of the two

cycles are shown, including the auxiliary components required. Parametric

data showing the required reactor size and temperature levels are given

for both, as well as the selected reference design points. Differences

in materials requirements and in operational modes are listed and discussed.

Assessments of problem areas and of the current state-of-the-art

are given for the rotating equipment, bearings and seals, and valves.

Applicable work underway is identified.

h.2 CYCLE STUDIES

h.2.1 Possible Methods

Of the many possible cycles, three are of particular interest for

use in aircraft application. Common to each is a closed inert-gas circuit

which heats air by means of a heat exchanger. These alternatives,

shown schematically in Figure h.l,* consist of:

I. An externally powered blower for the closed helium loop

in which the temperature levels across the reactor are

essentially the same as those across the heat exchanger.

2. A completely contained set of turbomachinery used as a

gas generator for the closed inert-gas loop, in which

temperature levels across the reactor are higher than those

across the heat exchanger_ and essentially all the Dower

generated by the reactor is useful for propulsive thrust.

3. A gas generator and power turbine contained within the closed

inert-gas loop, using the shaft power to drive a fan or low-

pressure-ratio compressor to pass air over the heat exchanger

prior to exhausting it out a nozzle for propulsive thrust.

This alternative imposes the lowest temperature and pressure

levels on the heat exchanger for any fixed Jet velocity

from the propulsive engines.

A bleed turbine, using air from the compressor of the propulsive engine,

is indicated for the blower cycle. Aftercooling considerations indicate

the desirability of an auxiliary air compresor-turbine set for this

function.
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The same types of major components are required within the closed

inert-gas loop for all these cycles except for the following differences:

i. Blower cycle

a. Relatively low-temperature blower

b. Shaft penetration and seal

c. Gas makeup supply

2. Gas-generator cycle

a. Additional low-pressure-ratio turbomachinery in the

reactor loop

b. Lubrication system inside reactor loop, but no shaft

penetration

c. Startup system for in-loop turbomaChinery

d. Provision for aftercooling either separately or in

combination with the startup system.

3. Gas-generator and power turbine cycle

a. Power turbine in reactor loop for driving air compressor

or fan

b. Shaft penetration and seal

c. Lubrication system inside reactor loop

d. Higher-pressure-ratio turbomachinery than for gas-_enerator

cycle
e. Startup system for in-loop turbomachinery

f. Provision for aftercooling either separately or in com-

bination with the startup system

g. Gas makeup supply

These differences only appear outside the reactor containment vessel and,

in the present concept, affect the reactor assembly design and performance

only to the extent that different temperature levels are required. The

inert gas in cycles 2 and 3 could be a mixture of helium and xenon if

desired to reduce the number of stages in the turbomachinery.

The blower cycle provides the primary reference in this study

because of NASA interest in it for comparative purposes with other systems.

However, the gas generator was also studied to a minor extent because of

its potential advantages. The third cycle, sometimes called the compressor-

Jet cycle, was not analyzed because systems optimization studies, outside

the scope of the contract, are required to establish conditions to be

imposed upon the reactor assembly.

h.2.2 Parametric Data

BLOWER CYCLE

The results of preliminary core sizing studies for the blower cycle

are shown in Figure h.2. Active-core pressure loss is Dlotted versus

maximum fuel temperature Of the average fuel element, with active core

diameter and fuel surface temperature as parameters. The corresponding

average fission density in the fueled matrix material (excludin_ cladding)

is shown as a function of active-core diameter (!en_th equal to diameter)

in Figure 4.3.



83

Required pumpinK power can be derived only after determininK the

pressure loss for the entire closed circuit, including not only the reactor

and tile ducting between the reactor and containment shell, but also the

heat exchanger and the ductinc connecting the containment shell, heat

exchanger, and blower. The losses for the ducting inside the contaimment

shell are estimated to be within a range of 1.5 to 2.3 percent as sho_n

in Table h.!, with a probable value of 2 percent beJn_ reasonably achiev-

able. If another 2 percent may be assumed for those portions of the

circuit outside the containment shell, then h percent pressure loss should

be added to the reactor pressure loss shown in Figure h.2. Under these

assumptions, the pump power required for various pressure losses is sho_l

by the solid line in Figure h.h. In view of the uncertainty in :_etual

losses to be encountered, values of non-reactor pressure losses of 3 per-

cent and 5 pgrcent are also shown in Figure I;.I; to bracket the power

and pressure ratios required for assessin_ the b]ower state-of-the-art.

A desiKn reference point is indicated _n Figures h.2 to h.h: reactor

pressure loss of 1.5 percent; core diameter of 30 inches; maximum fuel

temperature for the average element of almost 2300°F (for a surface

temperature of 2200°F); and required blower power of 13,600 hp, or more

than h percent of the thermal power _ of the reactor. It should be noted

that a thermodynamic engine must be used to supply the shaft newer for

the blower. If this engine operates at 25 percent efficiency, then the

parasitic penalty is more than 16 percent of the reactor's _ross thermal

power. Unless the reactor thermal power is increased to compensate for

this penalty, the thrust of the propulsion engine will be reduced in

direct proportion to the reduction in net power. Thus, there is a stronK

incentive for restricting the pressure loss in the primary loop.

The possibility of reducing tlle reference core size by increasinz

the fuel temperature may be of interest. To answer this question, the

effect of increased temperature on the potential rue] element lifetime

capability was determined for the selected reference fuel element material,

as shorn in Figure h.5. This figure a]so shorts tim permissib]e tempera-

ture perturbations from average conditions. The maximum internal fuel

tem?erature for the avera£e fuel element is plotted versus core size

together with lines of constant reactor pressure loss: calculate_ times

for I percent ]inear crowth of the fuel element due to _aseous fission pro-

duct pressure are also sho_.m. Acain, the selecte_ @esicn reference point

is indicated. These dsta permit the followJn< observations:

i •

2.

The reference design can operate for well over lOOi_1 hours

before reachiIn_ the 1 percent calculat _,d _,rowth.

The amount of time over i000 hours that _la3 i,e possible

deDend_ upon the maKnitude of the tem_cr:_ture perturbation

to be actually e>:Derienced wiLhin the fuel clement. C.in_' _._!:cI

maximum fuel te.m_erature shown is for the avera/Te chant:el, _:'_e

_no<,._ th._t the reference desisncurve _ '_ . :.;hich h_,_ n no:_inal :':q>:-

imttm Of 230:_:<'>[ I, could tolerate !')O°F _.,rt_Yhutkon (to []I _ " _ _]<] _ )

for 2000 hours, 280°F (to PS_<C)F) for l:,i-_0h<_n':;, or kPJ°l : roy

250 _.;w = _: ;5,200 hr

z ,.
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TABLE 4.1

ESTIMATED PRESSURE LOSS FOR REACTOR CONTAINMENT

SHELL DUCTING

Assumed

Loss Coefficient Pressure Loss

Item (q/P) (A P/p)a

Inlet distribution scroll and turning

into duct

Duct loss and dump into front plenum

Entrance to discharge duct and

duct loss

Discharge distribution scroll

1 to 2b 0. 0042 - 0.0084

1 0. 0042

0.5 0.0021

1 to 2 b 0. 0042 -0.0084

Totals 3.5-5.5 0.015 -0.023

aFor gas Mach number of 0.0707, consistent with flow areas per

Figure 5.2.2.

bRefined design and flow tests required to achieve the range assumed

for loss coefficients.



i000 hours (to 2720°F). The estimate of temperature

perturbations due to fabrication tolerances (see Table

5.4.3) _hows that less than 80°F is expected from tolerance

effects. Other factors dependent upon design approach must

also be considered, as discussed in section 5.2.3. In

particular, radial control of the fuel temperature by

hydraulic diameter variation is required to compensate for

the radial variation in power density; the number of other

refinements to be incorporated in the design will be deter-

mined by the incentive to increase the expected lifetime

from i000 hours to 2000 hours (or more). There is extensive

analytical and design experience available to achieve the

refinements which may be desired.

85

. The potential reduction of the core diameter by increasin_

the design value of the maximum fuel temperature, amounts

to less than 2 inches. If a full 2-inch reduction were

attempted for the 1.5 percent reactor pressure loss case,

achievement of the 1000-hour lifetime in the fuel element

would be unlikely. A better approach would be to increase

the reactor pressure loss; e.g., a reduction in diameter

of 3 inches would be possible if the reactor pressure

loss were increased from 1.5 to 3.0 percent; this would

increase the required blower power from about h to about 5

percent of the reactor thermal power (for the nominal

conditions shown in Figure h.J_).

In summary, the parametric data for the blower cycle show that, for

the design point conditions of interest (see section 1.4), the blower

conditions to be expected are as shown in Table h.2.

Table 4.2: Blower Power Requirement

Nominal High Low

Blower power, hp

Blower power, % of qth
Blower pressure ratio

Possible thrust penalty_ %

13,600 20,000 ii,000

h.06 5.96 3.2_

1.O55 7.o_ ]..o_g

II_ 24 13

aFor a reactor power of 250 MWth without compensation and 25_

conversion efficiency

GAo-GE._ERATOR CYCLE

In view of the thrust penalty associated with the blower cycle,

preliminary core sizin_ studies were also performed for the zas-generator

cycle; the results are shown in Figure &.6. Maximum fuel temperature is

plotted versus turbine inlet temperature required to yield the s_me

heat exchanger temperature conditions as for the blower cycle; lines of

constant core diameter and constant fuel surface temperature are a]so

shown. The same pressure level (1500 psi) was held on the reactor side
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:xs Fcr the blower cg_cle, so the prep;sure level on the heat exchanccr side

is lower and varies depending upon the turbine inlet temperature. The

simplifying assumption was made that the reactor pressure loss is hO percent

of the total loop loss% other necessary assumptions are noted on the graph.

The data show that the same size core as for the blower cycle (30-

inch diameter) is possible with less than i000_ increase in the required

maximum fuel temperature even though the reactor discharge temperature

is 200 ° to 300°F higher than for the blower cycle. This is possible be-

cause of the higher core pressure loss which the <as-generator permits

while remaining self-sustaining. There are relatively narrow bands of

permissible turbine inlet temperature, for any given reactor diameter,

because of the inherent characteristics of turbomachinery. That is,

when the turbin6 inlet temperature is decreased, less pressure loss is

allowable and less heat transfer area is permissible; while, when it is

increased, the reactor must produce hotter gas, more than the increased

allowable heat transfer area can compensate.

The potential fuel element lifetime capability for the selected

reference fuel element material in the gas-generator cycle is sho_m in

Figure 4.7. The loci of minimum fuel temperatures for the various turbine

inlet temperatures of Figure h.6 have been plotted, thereby presuming that

the best choice of turbine inlet temperature has been made for any particu-

lar core diameter. A_ain, the selected reference point indicates a fuel

element lifetime of more than 1000 hours, based on the fuel growth criterion,

_ay be expected. As in the case of the blower cycle, more than 2000 hours

may be possible, depending upon the magnitude of temperature nerturbations.

Characteristics of the reactor core are summarized in Table I_.3 for

both cycles. Identical assumptions were made for both reactors with

regard to entrance and exit losses in the fuel element, nuclear parametric

data, etc._ the results, therefore, are directly comparable. (It should

be noted however, that the blower cycle data are not the final estimates

derived in this study.) The principal difference between the two core

configurations is that the gas-generator cycle permits higher reactor

eressure loss, has higher reactor inlet and outlet temperatures, has

i00°F hi_her maximum fuel temperature but lower internal fuel temperature

rise, and has smaller coolant channels. The latter fact makes it desirable

to increase the number of coolant channels per fuel element from 37 to 61.

The most significant item is the higher reactor inlet temperature, and

the influence this may have upon the front tube sheet structural 4esign.

Ducts connecting the reactor outlet to the turbi_e might have to be made

of refractory metal because of the higher out]et temperature.

h.2.3 Aftercooling Considerations

BLOk_ER, CYCLE

Aftercooling of the blower cycle can be accomplished by drivin<

the blower by means of a chemical energy source; no other additional

equipment is required. If the blower is driven by a set of air turbo-

machinery independent of the propulsive engines, continued operation

for aftercooling will be possible without interruption even after landina.
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TABLE 4.3

REACTOR CORE CHARACTERISTICS FOR BLOWER VERSUS

GAS GENERATOR CYCLES

Blower Gas Generator

Reactor pressure loss, A p/p 0.015

Thermal power, Mw 250

Reactor pressure, psia 1500

Temperatures, ° F

Reactor inlet 900

Reactor outlet 1800

Maximum fuel surface (avg) 2200

Maximum fuel internal (avg) 2291

Maximum internal rise (avg) 106

Helium flow rate, lb/sec 212.4

Active core dimensions, in.

Envelope diameter 31.2

Equivalent circular diameter 29.9

Length 30.0

3
Active core volume, in.

Core volume fractions

Structure

Free flow and voids

Fueled matrix (95_o of theoretical

density)

Free flow area (hot), in. 2

Coolant channels per element

Elements per reactor

Channel diameter (cold), avg.

Burnup in 1000 hours, fissions/cm 3

21,068

0.106

0. 520

0. 374

i. 000

296.7

37

241

0. 2028

2. 254 x 1020

0. 025

250

1500

1193

2100

2342

2391

68

210.6

31.2

29.9

30.0

21,068

0. 128

0. 491

0. 381

i. 000

275.2

61

241

0. 1521

2. 225 x 1020
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At some point in time, special internal aftercooling equipment may be de-

sirable in the interest of economy.

The efficiency of a helium blower can be maintained at reduced mass

flow rates during aftercooling by decreasing the pressure level of the

helium and keeping the blower speed constant, so that the volume flow

remains constant. This can be seen from an analysis of the terms involved

in the definitions of specific speed and specific diameter, both of which

determine the efficiency of blowers:

N/V
Specific speed (NS)

Specific diameter (Ds)=

had 3/-_

D had I/h

Jv

where: N = speed of rotation, rpm
V = voh_e flow rate of gas at blower inlet, ft3/sec

D = diameter of blower, ft

had = adiabatic head imparted to the gas by the blower,
ft-lb/ib

The adiabatic head term required of the blower is given by:

, had _ AP/D _ f (G_r/P)
p

f (w T/P) 2

where: f = friction factor, dependent upon Reynold's number

W = weight flow rate of the _as, ib/sec
T temperature of the gas, "'R

P = pressure of the _as, Ib/ft 2

0 = gas 8ensity, Ib/ft3

AP = pressure rise across blower, Ib/ft 2

The volume flow rate term is given by

V = W/0 _ _¢TIP

Therefore, the adiabatic head required of the blower can be expressed in

terms of the volume flow rate:

had % f V 2

Thus, when the volume flow rate is held constant, the adiabatic head

(ft-lb/ib) required of the blower is constant. Consequently, _hen the

rotational spee_ is held constant, the specific speed is constant. Like-

wise, all the terms involved in the specific diameter are constant; hence,

the blower efficiency is constant.

Tne Reynold's number effect unon friction factor introduces an un-

certainty in the simolified treatment Kiven above. The pseudo-friction

factor will be insensitive to Reynol@'s n_mber if a large portion of the

loop pressure loss arises from non-frictional resistances such as contractions

and expansions, turning losses in bends, or other such factors which cause

turbulence. Should the Peynold's r_umber effect be significant, which can

be determined only after the entire primary loop desi<n has been established,

then a minimt_ pressure level at which the main b].ower can be used econom-

ically for aftercoolin_ will be established.
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Of i_mediate concern in this respect is the desire to reduce the

pressure level of the helium loop to about 200 psia within 20 seconds

after shutdown w so as to reduce the pressure level that must be contained

should the aircraft crash. Since the normal operatin_ pressure is 1500

psi, this amounts to a reduction of about one decade. Since the _eynold's

number in the fuel element is about _0,000_ a factor of i0 reduction yields

a value above the 2000 to h000 Reynolds number range at which the transi-

tion to laminar flow occurs. The Reynold's number in other flow passages,

excluding the heat exchanger, is about 2 x 106 or about 50 times that in

the fuel element; a pressure reduction even by a factor of 500 in these

passages would still not produce laminar flow in the ducts. It is possible

that flow conditions may be reasonable for a pressure level as low as 1

atmosphere, or about 1 percent of the operating pressure, which is the

minimum level required 2.8 hours after shutdown (following I000 hours of

full-power operation) in order to prevent over-temperaturing the fuel ele-

ments. After this time, special aftercooling equipment could be used to

reduce operating costs.

If a bleed air turbine were used to drive the helium blower, constant

speed control would be a feasible approach for the aftercooling mode pro-

vided the same quantity of air is passed through the turbine as during

normal operation. The power output of the turbine csn be reduced by re-

ducing the turbine inlet temperature. If a separate set of air turbo-

machinery is used to drive the blower, consideration should also be given

to reduced speed operation during aftercooling. Several methods of oper-

ation are possible, but this illustrates the relative simplicity of after-

cooling the reactor when the blower cycle is used.

GAS-GEI{ERATOR CYCLE

Aftercooling of the gas-generator cycle requires an external power

source and equipment in the closed loop that is not otherwise needed during

normal operation. The size, weight, and power requirements for this aux-

iliary equipment depend upon the operational mode to be used for reactor

shutdown. The need for special startup equipment and the operational pro-

cedure during this phase are of equal importance. The helium flow vector

diagrams of the compressor and turbine can be maintained at their design

point values by keeping the volume flows constant; in this manner, the

helium weight flow is fixed by the pressure level and by operating the

turbomachinery at its design point value. Again, as for the blower cycle,

thls will yield compressor and turbine efficiencies equal to their design

point values throughout both the startup and aftercoolinE phases, except

for tne Reynolu's number effect. Conceivably, therefore, the gas _ener-

ator could be self-sustaining on the afterheat energqv available from the

reactor for some time after shutdown. Some power output from the _as-

generator turbine is desirable since, at full-power operation (for the

conditions listed in Table 4.2 and 6.25 percent loop loss) the gross

power output of the turbine is 113,000 hp (see Table h.4). The afterheat

generation rate, following i000 hours of full-power operation, declines

to I0 percent of operating power within 25 seconds and to 1 percent within

2.8 hours after shutdown. If the pressure level were reduced in accordance

*Afterheat generation rates indicate this is possible on a scheduled

basis.
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with this scheeule, the gas generator woula continue to provide power for

circulation, but some auxiliary power would be rc_(_uired to compensate for

increased frictional effects due to the decrease in Reynolds number.

Since the gas generator can be seif-sustainin6 only if the turbine

inlet temperature is maintained at or near the design point value, a con-

trol system is required to assure that the rate of reduction of pressure

level is closely matched to the rate of afterheat decay. In addition,

since the reactor structural arrangement in the present concept is de-

pendent upon water cooling to restrict thermal expansion strains, continued

water cooling flow will be required in the gas-generator cycle. Since

a design objective is that no water be present in the containment shell

after reactor shutdown, an exception would be required in this case. The

volume of water inside the shell can be minimized by using a closed-circuit

coolant path into and out of the shell without intermixing the coolant

wa_er with the shield water. Although this concept was not incorporated

into the design evolved in this study because principal interest was

centered on the blower cycle, the necessary modifications appear to be

minimal. This may be an attractive feature, in fact, for providing the

necessary aftercooling for the long-time-after-shutdown case, not only

for the gas generator cycle but also for the blower cycle.

4.2._ Design Point Selection

BLOWER CYCLE

The blower power requirement, being in the range of ii,000 to 20,000

hp_ excl_Jes the possibility of an electric motor drive or gas bearings

based upon current state-of-the-art. Electric motors operating on a

60-cycle power supply weigh about 5 ib/hp; by followin_ aircraft practice

using higher frequency, the specific weight can be reduced to as low as

I ib/hp. The power for the drive motor must be generated by onboard

equipment, resulting in additional weight. Further discussion of the

problems of motor drives for circulators is available elsewhere. I Gas

bearings in motor-driven circulators, are limited to 200 hp a!thou_h con- 2
sideration has been given to their use with turbine drives up to I000 hn.

These capabilities are far below that required in the present application,

excluding the possibility of multiple small-size blowers. Hence, an air

turbine drive with oil bearings is necessary, using a shaft penetration

through the primary loop ductinc and using a dynamic seal.

The type of circulator to be used must be selected from three possi-

bilities: radial-flow, axial-flow, or some intermediate type. For any

given pressure rise and volume flow requirement, a circulator designer

IG. Novickis, "Survey of Component Requirements and Availability for

Gas-Cooled Nuclear Eeactor Power Plants - Circulators" NY0-9790, August

1961, p. 63, Frs_klin Institute Laboratories.

2"Eotating Machinery for Gas-Cooled Reactor Application" Proceedings of

_,_eeting at Mountain View Hotel, Gatiinburg, Tenn., November 4-6, 1963,

p. 353, TID-7O90.

*Gross power output; if the drive is by shaft power extraction from a

turbine - compressor set, the power for driving the compressor must be

subtracted.
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has the option of using large diameter and relatively slow rotational

speed or a small diameter with high rotational speed. Experience shows

that, among all the various types of blower designs which can be purchased

from various manufacturers, there is a unique relationship between the

diam.eter of the machine and its speed of operation. A plot of snecific

diameter versus specific speed, using a conventional parametric grouping

for these terms such as aefined in section 4.2.3, shows the unique relation-

ship; it is kno_ as the Cordier - curve. 1 Selection of a particular speci-

fic speed fixes the type of circulator, i.e., radial, axial, or mixed flow.

3
Balje has improved upon the simple Cordier correlation by showing not

only the speed - diameter relationship and the type of circulator inherent

for any preferred values of speed or diameter, but also the efficiency that

can conservately be expected. Balje's correlation for low-pressure-ratio

compressors is reproduced in Figure 4.8. The graph shows the regimes for

radial flow, mixed flow, and axial flow; these types apply for intermediate-

to high-specific-speed designs. At low specific speeds, other types of

machinery such as rotary displacement pumps, drag pumps, and pitot pumps

are indicated as being inherently preferred. In the present case, atten-

tion is restricted to the conventional machinery because of the need to

maintain purity of the gas, to avoid metal-to-metal contact, and to stay

within the current state-of-the-art for the relatively large volumetric

flow rate required in the aircraft application.

The data in Figure 4.8 have been used to determine the single-stage

pressure rise as a function of the rotor tip speed and rotational speed

for the gas conditions of the present study. The specific speed considered

in this evaluation ranged from 60 to 300, covering pure radial- and mixed-

flow types, with the corresponding specific diameter that yields an ex-

pected blower efficiency of 80 percent. BalJe's assumptions for preparing

this particular illustration result in indicated efficiencies for axial

flow circulators of 70 percent or less; however there is wide experience

sho'_ing multistage axial compressors with efficiencies approaching 90 per-

cent. Therefore, the data in Figure I,.8 can be interpreted only as a guide,

with higher efficiencies or higher pressure ratios to be normally expected

through the application of good state-of-the-art design practice. With this

qualification, the results of this evaluation are representative of the

rotor tip speeds and rotational speeds to be expected for various require_

values of pressure rise in a single sta_e.

The results are shown in Figure h.9. To achieve 5 percent pressure

rise in a single stage, the circulator must be of the pure radial type

(specific speed of 60 or less); the tip speed must be about 1220 ft/sec;

the corresponding rotational speed is 5500 rpm, and the rotor diameter

is h.25 feet. Figure 4.9 also shows the design point for the HTGV blower

for comparison (as discussed in Section 4.3.1).

Alternatively, two stages can be used in series to achieve a 5 per-

cent pressure rise. If desired in this case, either a pure radial- or

30. E. Balje, "A Study on Design Criteria and Matchin_ of Turbomachines,"

J. of Energy for Power, AIME, January 1962, pp. 103-I]4.
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a mixt, d-flow-typc circulator cax_ be used. Tile tip speed can be reduced to

less than 805 ft/sec and the rotational speed to) less than 3260 rpm for a

rotor diameter of about 5 feet.

GAS GENERATOR CYCLE

In view of the possible interest in the gas-generator cycle, the sizes

of the compressor and turbine were estimated. The assumptions made were

that the design temperatures on the helium-to-air heat exchanger must be

the same as for the blower cycle (i.e., 900 ° and iSO0°F helium temperature)

and that the maximum pressure level of 1500 psia would be maintained at the

compressor discharge. The reference point given in Figure h.b, which shows

the core parametric sizing data as a function of the cycle variables, was

used for this study; this point is consistent with the tabulation of core

characteristic data in Table 4.3. The size estimates were made not only

for pure helium but also for a mixture of helium and xenon, with an average

molecular weight of hO, to show this effect upon the number of compressor

and turbine stages required.

Conventional design practice was used in the selection of blade angles

and stage loading. (This practice does not exploit the relatively high

sonic speed of helium. In a system requiring high performance, as for

aircraft application, the possibility that the high sonic speed might be

used to advantage is of sufficient interest to warrant further consider-

ation as part of other studies.) A nominal allowance of 2.5 percent com-

pressor bleed flow was made for cooling the turbine rotor; cooling for the

turbine blades is considered to be unnecessary.

The results are given in Table 4.4. The compressor pressure ratio is

1.55, which yields the 6.25 percent loop pressure loss as required for this

particular design point. Flgure 4.6 shows that a lower turbine inlet tem-

perature can be used, which results in lower allowable loop pressure losses

and lower compressor pressure ratios, but of the (_.25 percent available

for the entire loop, the reactor core requires 2.5 percent. This leaves

only 3.75 percent for the remainder of the primary loop; this is compar-

able with 4 percent as the nominal allowance for the non-core components

in the blower cycle (see Figure _.4). Hence, any reduction in the turbine

inlet temperature and, conseqnently, in the compressor pressure ratio,

would not be a fair comparison of the gas-generator cycle with the blower

cycle. As it is, the comparison is fair except that the pressure level

on the heat exchanger side has been reduced to 1500/1.55 = 968 psia; this

is a feature that may be attractive considering the stress levels in the

oxidation-resistant materials required in the helium-to-air heat exchanger.

Twenty stages are required in the helium com_ressor. The blade tip

diameters are 37.4 inches at the inlet and 35.0 inches at the exit. The

exit blade height is 0.75 inch. The flow path length is estimated to be

28 inches. The assumed efficiency of 85 percent is. believed achievable

with state-of-the-art design practice currently in use in General Electric's

Flight Propulsion Division. Some stall-prevention mechanism may be re-

qui re d.
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TABLE 4.4

TURBOMACHINERY SIZING RESULTS FOR

GAS-GENERATOR CYCLE

Coolant

Molecular weight

Compressor discharge pressure,

Compressor inlet temperature,

Turbine discharge temperature,

Loop pressure loss, %

Turbine inlet temperature, °F

Gas flow rate, lb/sec

Compressor pressure ratio

Turbine shaft power, hp

Compressor efficiency, %

Turbine efficiency, %

Rotational speed, rpm

psia

o F

o F

He

4

1500

900

1800

6.25

2114

211

1.55

113,000

85

88

5665

He-Xe

40

1500

900

1800

6.25

2114

2110

1.55

113,000

85

88

3586

Turbine

No. of stages

Inlet tip diameter, in.

Exit tip diameter, in.

Inlet blade height, in.

Exit blade height, in.

Flow path length, in.

8

34.4

34.5

1.25

1.35

22

2

36.4

36.8

4. O2

4.37

10

Compressor

No. of stages

Inlet tip diameter, in.

Exit tip diameter, in.

Inlet blade height, in.

Exit blade height, in.

Flow path length, in.

20

37.4

35.0

1.95

0.75

28

6

38.0

35.9

2.55

1.7

17
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In the helium turbine, eight stages are required with a blade tip
diameter of about 34.5 inches and minimum blade height of 1.25 inches.

The flow path length is estimated to be 20 inches.

The rotational speed is 5665 rpm for the helium turbomachinery set,

which yields a peripheral velocity of 922 ft/sec for the compressor and
852 ft/sec for the turbine.

Corresponding data are tabulated for the mixture of helium and xenon

showing that slower machinery with fewer stages are possible. The com-

pressor and turbine lengths are shorter, but slightly larger in diameter.

It should be noted that the helium - xenon mixture has poorer heat trans-

port properties and that higher pressure levels would be required to avoid

an increase in the reactor sizes (see Figure h.6).

4,2.5 Material Requirements for Circulator Design

The data in Figure 4.9 show that a 5 percent pressure rise can be

achieved in a single radial-flow blower stage provided the rotor can with-

stand the stresses imposed when the peripheral speed of the rotor is 1220

ft/sec. The operating temperature level is 900OF. The parameter of in-

terest for the rotor material is its strength-to-weight ratio.

A simple analysis shows the relative degree of difficulty to be ex-

pected. If the blower rotor is shaped structurally so as to have a con-
st_,t cross-sectional area with radius such that the stress due to centri-

fugal force is like that in a rotating rod, the stress in the rotor at

the axis is given by

0 VT 2
S = 12

g

where S = stress, ib/in. 2

0 = density of the material, ib/in. 3

VT = peripheral velocity of the rotor at the tic, ft/sec
= gravitational constant, ft/sec 2

Therefore, the parameter of interest becomes
O

S VT_-
--= 12
0 g

At VT = 1220 ft/sec, the required value of S/O = 555,000 inches; at

VT = 900 ft/sec, it is about 300,000 inches. For comparison, the strength-

to-weight ratios of some aircraft metals are _iven in Table 4.5; these

Uata are for typical values of short-time yield strength (0.2% offset),

mld actual design values must be lower than tabulated to achieve useful

lifetime. The data show that the tip speed of 90@ ft/sec (S/p = 300,000

inches) should be achievable at 900°F with titanium alloys, Inconel X, or a

high-strength, low-allo_ steel such as Super Tricent. At 1220 ft/sec,

however, only the Super Tricent alloy would meet even the minimum re-

quirements. Therefore, to achieve the blower pressure ratio requirement,

as tabulated in Table 4.2, conservative design would require twc sta_es.

iiowever, if no more than 5 percent rise is required, careful _:echa::ical





design of the impeller and use of the best available material may permit

achieving the required 2000-hour lifetime in a blower with only one stage.

4.3 ASSLSS_FENT OF PROBLEMS _ CUI_RENT STATE-OF-THE-ART _ AND APPLIC__BLE

WOFK UNDERWAY

4.3.1 iielium Circulators

The current state-of-the-art for helium circulators is summarized in

Table 4.6, which lists the design conditions for the various helium-cooled

reactors that have been proposed, designed, and/or built. Althou_h not

all items of interest were available, the tabulation shows that current

practice can be summarized as follows:

!. Radial blowers are used if the pressure rise is 3 percent or less;

multistage axial-flow circulators are used if the pressure rise

is greater than 3 percent.

2. Rotor tip spee_ is limited, in general, to 900 ft/sec or less;

a singular exception is the compressor for the Maritime Gas-Cooled

Reactor (MGCR) 4 turbomachinery, which was not put into operation.

3. Inlet temperature to the circulator is limited to 700OF or less.

4. Inlet pressure to the circulator is limited to 500 psia or less.

The closest approach to the present design requirement in existing

i_ardware is the radial blower used in the High-Temperature Gas-Cooled

Reactor. This point is plotted in Figure 4.9 to snow how that design cor-

responds with the predicted performance using BalJe's data; the slight de_ree

of conservatism in BaiJe's correlation is indicated, although the HTGR blower

efficiency is only 78 percent as compared with the 80 percent for which the

curves in Figure 4.9 apply. The HTGR blower* consists of a single-stage,

radial-overhung type generating a pressure rise of 2.9 percent in a 5-foot

rotor diameter at 3460 rpm. The differences between this design and the

requirements of the present application are as follows:

IITGP Re _ui re d

a
i_umber of Stages i 2

Pressure, psia 450 1500

Inlet Temp., OF 700 900

Driver !4otor Turbine

a
At 900 ft/sec tip speed

Also, a design for minimum weight for aircraft use rather than central sta-

tion use would be required.

Ti_e dynamic seal (to prevent contamination of the primary helium

coolant with oil) has ]'_ discussed in the literature in considerable

de_th 5 for the case of the single-stage radial overhun_ arrangement

4"i_aritime Gas-Cooled Reactor Program, YGCR Prototype Preliminary Design,

Voi i" General Atomics Div., General Dynaznics CorD., GA-IOI2, December 9,

1900.

5"Potatin._ _achizJery for Gas-Coole(] [q_actor Ap_,] ic:_tiou," T]D-7o31, Pro-

ceedin_:_ _f _eetin_ :,.tOLIN1,, April _-_J, I_(,__.

Wb_iiit LJU tllc Cl_Irk i;r_)s. Co., Olc_u,, [J. Y.
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In the case of axial-flow circulators, the state-of-the-art has not

yet been applied to an existing power plant. The most design stu@y and

development effort has probably been spent on the lO-stage axial flow cir-

culator for EGCR 5 the Experimental Cas-Coo!ed P,eactor oreviouslv under

development by the Oak Ridge National Laboratory, with the circulator bein_

developed by the Joy _.:fg. Co., Buffalo, N. Y. The circulator operates at

the same volume flow (516 ft3/sec) as required as for the aircraft applica-

tion, but at less tha_ 500°F and less than 300 psia; consequently, its power

output is only 3100 hp, whereas 13,6.00 hp is required in the aircraft appli-

cation.

Therefore, modifications to the design would be required in this case,

as for the radial-flow blower for }ITC,R.

In any redesign effort, attention should be _iven to the aerodynamic

design of the blading. In this regard, there appears to be a carry-over

of the design practice for air turbomachinery which ur_duly penalizes helium

compressors from the standpoint of size and wei_i:t; this is of particular

concern for aircraft application. _ indication of the problem can be seer:

in Figure 4.10, which shows the number of stages used in the compressor

to achieve various pressure rise fractions required by the powerplants tabu-

lated in Table 4.6. The compressor design evolved in the present study

rot the gas-generator cycle is also shown for comparison. Note that the

design for TARGET, the most recent design effort from previously published

reports, requires only five stages to achieve 15 percent pressure rise

across the compressor; in contrast, the EGCR design uses i0 stages to

achieve only 5.6 percent pressure rise.

In summary, the following problem areas have been identified for the

helium circulator in the aircraft application:

I. The blower cycle method of circulating helimn primary coolant

imposes a significant parasitic power penalty and, therefore,

thrust penalty. The driving power may be provided by an air

turbine drive using oil bearings.

2. The gas-generator cycle may be an attractive alternative to

eliminate the thrust penalty associated with the blower cycle,

but a higher temperature will be require0 in the reactor.

3. There are no existing designs that can be applied without modi-

fication. Principal modifications required are those necessary

to increase the pressure and temperature capability to 1500 psia

and 900°F, respectively.

h. Further study is needed to determine whether to use a single-

stage radial-flow blower at relatively high peripheral sneed

(> 1200 ft/sec), a two-stage radial-flow blower at moderate

speed (% 900 ft/sec), or a multista_e axial-flow circulator.

Some research in this area to advance the state-of-the-art of

axial-flow compressor design for helium may result in significant

reduction in the number of staces required £or any given press:_e

rise.

5. Existing circulators were developed for central station power-

plant application in which weight is of less concern th_l cost.

A manufacturer experienced in design_n_ comT_onents for a_rcraft

application should be included in further study efforts_ such

as in item 4, above.
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4.3.2 Bearinss and Seals

The subject of bearings and seals for helium circulators has been

well treated in existing literature 5-8 and the designs that have been

evolved for HTGR, MGCR, and ECCR provide nractical experience in develop-

ment and application of approaches necessary for the present case. The

manufacturers who have provided the circulator development for these power-

_!_nts have also provided the bearin_ anJ seal designs. A discussion of

basic seal types, given in Reference 5_ pg. 85 et. seq., is recommended

as introductory material for basic sealin_ methods; the same reference

shows the shaft seals for the EGCR (Joy Mfg. Co.)• the }{TGR (Clark Bros.

Co.), and the GCR-3 (Westinghouse).

As with the circulator itself• the problem to be expected from the

bearing and seal area stems from the relatively high pressure of the air-

craft application.

h.3.3 Valves

A summary of advanced valve technology is Kiven in reference 9.

Of particular concern in this study was the closure valve for the con-

tainme1_t vessel.

Smirra Development Company• Los Angeles, California, has developed

a valve concept, 9 the "Cone Labyrinth Valve" (patent pending) which employs

a novel means of seat surface contact. This concept promises improve-

ments in contamination-insensitive, leak-tight sealing, for a wide range

of fluids, rigure )_.!I illustrates :_ prototype version of this device.

The flow control element of the Cone Labyrinth Valve accomplishes

both throttling and shut-off by the use of two concentric sets of flexible

metal blades. Throttlin_ is affected by forcing capillary flow through

the labyrinth created in closing the valve; the sealinc action results

from the engagement of the resilient metallic sliding surfaces. The

concentric blades approach each other with an intermeshing action which

tends to be self-adjusting and finally provides shearing contact.

Some of the advantages of this type of design are:

I. Maximum possible corrosion resistance is afforded by the mater-

ial choices possible with an all-metal design.

5Ibid.

6S. B. Malanoski and D. D. Fuller, "Survey of Compcnent Requirements and

Availability for Gas-Cooled Nuclear }leactor Po,_er Plants - Bearincs and

Seals," NY0-9792, June 1961, Franklin Institute Laboratories.

7"Shaft Seals for Compressors and Turbines for Cas-Cooled Reactor Applica-

tion•" TID-7604• Proceedings of Meeting at Oak Ridge National Laboratory,

O_ Ridge, Tenn., December 16-17• 195'2.

8,,_ac_ni • ,,ne Design, I_, Vol. 36 - Reference Issue on _e,Jls, Pcnton Publish-

in= Co. Cleveland, Ohio, June ii, 196h

9;. D. May, "Advanced Valve Technolo6y," Midwest Research Institute

i_ASA SP-5019, Februa<_ 1965.

J
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Extreme service temperature capability resulting from an all-

metal design. Radiation and vacuum problems associated with the

use of elastomers and plastics are similarly eliminated.

Contamination insensitivity, since impurities are scraped away

instead of bein_ crushed or imbedded.

Sealing redundancy by the use of multiple seats.

Gas _akeup Supply

The problems of providing a clean gas supply and of maintainin_ purity

levels low enough to avoid deterioration of materials' properties are dis-

cussed in section 3.4; this was based on experience cained during the 710

Reactor Program.
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Shaft

power

9i__ F, Reactor 1_ F

J II Helium

. _,,%er _ Hel ium-to-air

_,J_t exchanger

Air __

Turbojet

,,-1200oF

Helium

1. Bleed-¢urbine-driven

blower

~2100°F
Reactor

2. Gas-generator

cycle Helium-to-air 900OF

heat exchanger

800° F

Reactor

Helium

Air

Turbine

Comp.

Air ---}__

Turbojet

Helium-to-air

heat exchanger

Compressor-jet

3. Compressor-jet

cycle

Fig. 4.1-Typical cycles with gas coolant
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5. REACTOR

5 •i GENERAL

This section presents the conceptual design of the reactor assembly

evolved for the application of the 710 Reactor technologo r to aircraft

propulsion. Design and analysis, evaluation, and identification and

assessment of problems are covered for the mechanical, nuclear, and

thermal areas. A summary of design values and state-of-the-art values

for reactor design data is given to establish areas in which differences

exist and to determine the magnitude of problem areas_ applicable devel-

opment work necessary for solving such problems is identified, and

current work underway is discussed. Finally, an overall assessment and

discussion of problems and work required for achievina the required

design conditions is given for the materials, reactor assembly, fuel

elements, and reactivity control system.

5.2 _CH_ICAL DESIGN AND ASSESSM_{T

The mechanical design and assessment are presented in the ?ollowin_ for

the reactor assembly, fuel element, and reactivity control system.

Design criteria, analysis and parametric data, and design layouts are

included. State-of-the-art performance, problem areas, and applicable

development work currently underway are identified and discussed for

critical individual mechanical components.

5.2.1 Reactor_Assembly C_on__ce_otualDesign and Assessment

DESIGN CRITERIA

In addition to the operational constraints specified in section 1.2,

the following design criteria were used for the reactor assembly:

i.* The reactor assembly must be structurally capable of

withstanding normal flight loads; i.e., maximum maneuverin_

load of 2.5 g and gust load of 3.5 _. Operational loss of the

reactor is assumed in the event of an aircraft crash

although it remains completely contained within the

containment vessel.

2. 4 Required lifetime of structural components at full power and

design temperature levels is 2000 hours, with a design

goal of 10,000 hours.

3.* Number of temperature cycles from minimum to maximum

temperature levels will be 200, maximum. Factors or

components that limit rate of change in Dower or

temperature are to be identified.

*Teclmicai direction - R. E. IIyland, NASA, to R. E. Motsin_er, GE-N_O.
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4. Structural components within the reactor -shield

assembly will be exposed only to inert _as or to

water containing a soluble boron compouh_.

5. Average temperature levels may transiently exceed

those for normal operation to the extent determined

to be feasible.

6. Clearance gaps between fuel elements will be sufficient

to allow for thermal expansion, for tolerances on fuel

element straightness and twist, and for a maximum, of

I percent linear growth of the fuel elements due to

gaseous fission product buildup.

AR RANGE_._I_'_ ST[IDY
--. o

Conceptual arrangement studies were based on the following objectives:

i. Use of multiple, small-diameter, convoluted ducts to

reduce the loss of shield effectiveness introduced

by duct penetrations, and at the same time maintain

low friction and turning losses in the gas stream.

2. Limit the thickness of structural material between

the core and radial reflector in order to maintain

a high value of reflector swing worth for reactor control.

3. !!aintain a series cooling circuit for the primary gas

loop, i.e., all gas entering the reactor containment vessel

should flow through the fuel element with no bypass or

mixing required. This reduces the problems of maintaining

proper flow and temperature distribution during off-design

operation.

4. Separate the gas and water containment structures so that

the loss of pressure in one system would not influence

the other. (This objective was subsequently discarded

as unnecessary.)

5. Obtain essentially an isothermal structure in order to

reduce the magnitude of thermal stresses, stress

concentrations, and differential thermal expansions.

6. Restrict the number of valves that require closing during

emergency shutdown to reduce or eliminate possible sources

of potential leakage.

Several possible approaches for satisfying these objectives were ex-

plored, and the arrangement drawings prepared during this phase of the

study are illustrated in summary form in Figure 5.2.1. Two of the

approaches use a pressure vessel surroundin_ the reactor and radial

reflector (Figure 5.2.1a and b); while the third uses the containment

shell as the reactor pressure vessel (Figure 5.2.1c). Figure 5.2.1a and

c show the radial reflector bathed in borated shield water and Figure 5.2.1_

shows the radial reflector separated from the shield water. Results of a

study of the reflector control worth with and without the borated water

s_low that either method can be used without significantly reducin_ tile re-

activity worth of the radial reflector, regardless of whether it is beryl-

lium or molybdenum (see Table 5.3.3).
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AccordinKly, the choice between either approach depends upon other

considerations_ the decisive factor was believed to be the orobable

shielding benefit of having the shield water as close to the active core

as possible, thereby reducing the amount of radiation from secondary

gammas in the reflector and structural components outside the active core.

Use of the shutter or venetian blind type mechanism inherently accommo-

dates this scheme, provided the torque requirement for the control actu-

ator is not unduely increased by the drag forces introduced by the water;

as discussed in section 5.2.3, this was found to be of no consequence,

and the shutter type of reflector removal was adopted. Therefore, the

concept shown in Figure 5.2.1b was not considered further.

With the shield water surrounding the reflector, the cylindrical shell

between the active core and shield water could become prohibitively thick

from a control worth viewpoint unless the shield water pressure were

balanced with the gas pressure. However, the gas pressure of 1500 psi

is the same as the design requirement of the containment shell, and if

the shield water surrounding the reflector must be pressurized, the next

logical step is to let the containment shell become the reactor pressure

vessel.

Considering the fact that the ducting and the cylindrical shell (flow

divider) between core and reflector are bathed in water and can be water-

cooled provided insulation is incorporated on the gas side of the ducting,

the concentric ducting arrangement into and from the reactor is no longer

necessary. Thermal expansion strains can be significantly reduced by

maintaining the structural temperatures essentially at water temperature.

The pressure losses in the primary coolant gas can be significantly re-

duced by having the flow pass only once through the reactor, rather than

the twice-through path required with the concentric duct scheme.

Accordingly, the duet arrangement of Figure 5.2.1c is oreferre<l. The

engineering layout drawings of the two discarded concepts are incluued

in Appendix B.

DESIGN LAYOUT

The arawing of the selected arrangement with the reactor inside the con-

tainment shell is given in Figure 5.2.2. The reactor assembly is verti-

cally supported from the top of the containment shell. A conical struc-

ture is attached to the cylindrical vessel separating the core and re-

flector, i.e., the flow divider between the helium coolant and the shield

water. The front tube sheet for the reactor fuel elements is attached to

this same cylinder. The fuel elements are suspended from the front tube

sheet by a cantilever attachment (details of this part of the design are

discussed in section 5.2.2).

This arrangement meets all the objectives listed in the _receding section

("Arrangement Study") __nd has the following additional attractive features:

1. The load patl_ from the containment vessel to the front tube sheet

is direct. The gas ducts are not required as structural members

and can be designed to accommodate flexure.
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2. The reflector control concept exclude_ i, he need for any waste

space that is normally required for actuation or displacement of

the cont'rol element. Borated shield water completely surrounds

the reflector shutter, with access to the region immediately

outside the active core.

3. The relatively small core size inherent from the use of the fast-

spectrum 710 Reactor, in conjunction with the reflector control

concept of item 2, above, provides a relatively large space be-

tween the reactor and containment shell for the inclusion of

neutron and camma shielding materials.

_. The actuators and supports for the reflector control segments

are integral with the reactor support structure, providin_ a

good base for maintaining alignment. The number of _as ducts

and reflector seo_nents has been chosen so that each segment can

be controlled with its own actuator, t_e drive shafts passing

between ducts.

There is no rear support for the fuel elements in the present concept

but one may be desirable depending upon the re_ults of detailed design

analysis. The two imoortant considerations, i_ [.his respect, are: (i)

vibration frequency of the fuel element as compared with excitation fre-

quencies to be expected in the aircraft, and (2) direction and magnitude

of bowing of the fuel elements to be expected _¢ith arid without the rear

support because of differential thermal expansiorl aJ_d permanent growth

due to fission product pressure. In the present design, the direction

of the bowing of the fuel element is such that the effect upon the tem-

perature coefficient of reactivity is negative.

Since water is used to cool the ducting, flow divider, and containment

shell, the temperature difference between these components is small, min-

imizing differential thermal strains. Preliminary estimates indicate that,

for water temperatures possible at 1500 psia pressure, strains due to ex-

pansion of the flow divider and gas ducts should not be a problem. Addi-

tional design attention should be given to the attachment of the gas-cooled

front tube sheet to the flow dividers, but any potential problem should

be solvable by application of current state-of-the-art design practice.

Aftercooling with the elimination of water cooling, and concurrent de-

pressurization of the primary, coolant _ in such a manner that gas temper-

atures are essentially the same as those during normal operation, could

introduce differential thermal expansion strains during the shutdown oper-

ation that exceed those for normal operation. Consideration must be given

to the actual conditions expected during the shutdown transient. The

secondary coolant passages on the flow divider and ducts must be sized

to provide sufficient aftercooling flow when gaseous coolant replaces

the water.

To control the shield liquid pressure in this system, a gas-to-liquid

accumulator must be used to regulate the water pressure, with the amount

of gas charae in the accumulator bein_ a function of the reactor core

gas pressure. In this concept, the reactor core pressure is applied to

the gas side of the accumulator after it has been reduced by some constant

*At a rate not to exceed the decay rate of afterheat generation.
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pressure differential (e._., 150 psi). The gas accumulator then pressur-

izes the liquid system to that of the gas less the pressure drop across

the pressure reducer. The same effect can be obtained by sprin_ loading

the liquid side of the accumulator with a sprin_ equivalent to the desired

differential pressure load. To allow for volumetric expansions, leaks,

or other losses or gains, a makeup liquid system would be required. This

system would be operated to maintain the fluid at some desired level in

the accmmulator. The makeup system would consist of the pump, reservoir,

and a flow modulating valve. A three-position valve may be sufficient:

no-flow, full-flow, and half-flow. The reservoir might also be pressur-

ized by reduced gas pressure to permit a smaller pumpin_ pressure ratio.

Sizes of the reservoir, pump, accumulator, and valves can be determined

by liquid makeup requirements, rate of response, and accuracy require-

ments.

The reactor containment vessel is to be designed to accommodate two

operating conditions: normal operation, and an emergency condition

involving core meltdown. Because an ultimate capability of containin_

1500 psi internal pressure and 3000°F for i000 minutes is specified,

refractory materials were considered for strength with an outer cladding

for oxidation protection. Tantalum alloy T-Ill (Ta - 8W - 2Hf - 0.OIC)

was selected because of its high strength and fabricability, and because

iLs _hysical properties are relatively well known. UsinK available

Larson-Miller creep data, it was determined that approximately 6 inches

of T-!f1 or T-222 (Ta - 9.5W - 0.01C) would be required to meet the

specified conditions (see section 3.3).

The following guides were used for selecting the type of valve for the

gas duct penetrations of the containment shell:

i. In the open position, the valves should impose the least

possible resistance to normal coolant flow.

2. Valves should he located so that no leakage will result

even under crash and impact loading conditions.

3. To restrict the number of valves, only one inlet and one

exit duct penetration should be included in the containment

vessel.

h. Since the valves are to be used only for emergency conditions,

only one closure operation is required, and reoDenin_ is not

necessary.

5. Because of the high-temperature operating requirement, only

valves with metal-to-metal contact surfaces should be con-

sidered.

A cone-labyrinth valve that conceptually satisfies these objectives is

s:_own in Figure h.ll. For this specific application, the valve could be

constructed of a Ta or W alloy with the valve seat of a softer refractory

material such as pure Ta to help provide the proper valve-seat deflection

required for leak-tight closure. An external high-pressure inert gas

supply would energize the valve actuator. Sticking of the piston is not

anticipated because internal gas leakage is not objectionable and large

clearances can be provided.
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In the reactor assembly conceptual desimn, the problems which have been

identified are summarized and discussed below.

I. Use of the containment shell as the reactor pressure vessel -

The fundamental reason for this approach is the desire to use

radial reflector removal for reactivity control and to bathe

the reflector with shield water so as to make the best possible

use of available space. The swing worth of the radial reflector

is dependent upon having the least possible structural material

between core and reflector. This can be accomplished by pressur-

izing the water, and keepinq a balance between helium pressure

and water pressure so that the cylinder between core and

reflector becomes only a flow divider. A concept for maintain-

ing this pressure balance has been identified and is believed

to be possible using conventional equi_nent, but engineerina

development of the necessary hardware components will be re-

quired to demonstrate capability and reliability.

2. Need for the containment shell to withstar_d 1500 psia at

3000°F for I000 minutes - The results of the materials

evaluation (section 3.3) show that containment shell thick-

hess st_ould be approximately 6 inches when the best avail-

able refracto_/ metal alloy (T-ill or T-222) is used.

Also, all conventionally used oxidation-resistant cladding

materials have melting temperatures below 3000°F, and de-

velopment is required to identify and apply suitable

oxidation-resistant coatings. Need for additional strength

data and fabrication development for the refracto_-metal

thicknesses of interest is discussed in section 3.3.

3. Need for a rear support for the reactor fuel elements -

A lateral support at the rear of the fuel elements may be

desirable but the consequences of its use on bowing of

the fuel elements have to be evaluated.

_. Aftercooling the reactor structure - Differential thermal

expulsion problems are not expected if full-flow after-

cooling is possible for a sufficient time after shutdown

to reduce the reactor discharge gas temperature to such

a level that the gas-duct temperature does not significantly

exceed its temperature during normal operation with water

cooling. Depressurization of the primary coolant is re-

quired, however, by operational constraints such that the

discharae gas temperature could remain constant or, if the

rate of depressurization is not properly controlled to n_atch

the rate of afterheat decay, could even increase after shut-

down. Aftercooling of the gas ducts is required therefore,

after reactor shutdown by a gas coolant separate and apart from

the primary gas stream.

5. Containment vessel closure valves - The valves for the _as ducts

proposed as a result of this study effort can conceptually meet

the requirement of containment as well as the vessel itself, but

the conditions imposed are much more severe th_1 previously met

by available equipment. Engineering development tests are nec-

essary to demonstrate the ability of the concept to function as

recuired. _ '_.
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Valves for the water lines penetrating the shell are also re-

quired. The requirement of draining all the shield water within

20 seconds requires additional conceptual design work, with better

definition of the shield arrangement between the reactor and con-

tainment vessel, in order rio determine feasibility of meeting

the requirement. No serious obstacle to achieving the design goal

is apparent, presuming the same type of valve closure is used

for the water lines as for the gas ducts.

A}'PLICABLE WO_ UNDEBWAY

The problems with respect to reactor assembly conceptual design are

_u_iquely introduced by the requirements for aircraft application, prin-

cipally the requirement for absolute containment after aircraft crash.

The work done in tile 710 Reactor Pro6ram has provided a basis for es-

tablishing design concepts which are believed to be within the current

state-of-the-art of l_.iF.h-temperature refractory metal technology. There

arc no identified barrier problems, but detailed en_J;_eerinq work is re-

quired to apply relatively well-established imformation, followed by proof-

tests to demonstrate the capability of the desli<n to meet the imposed con-

ditions. Further engineering stud.v of the shield confJ<uration and of

the transient behavior of the reactor assembly during and after crash

of the aircraft may permit sufficient alleviation of the design per-

fomance required of the containment vessel that demonstration of its

capability may also become a matter of thorough proof-testing. This

tl._e of proof-testing is not currently underway, but would be a part of

the prelintinary and final design effort to meet the specific conditions

finally imposed.
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5.2.2 Fuel Element Conceptual Design and Assessment

DESIGN CRITERIA

i. Fuel elements must meet the same requirements as the

reactor assembly except that the required lifetime is

i000 hours. Modifications in the design, if any, required

to achieve 2000 hours lifetime are to be noted.

2. Fabrication procedures are to be consistent with those

developed for the 710 Reactor under AEC Contract AT(I_0-1)-

28h7. The minim1_ fueled-meat ligament thickness is to be

not less than 0.015 inch. Claddinc thickness for the

coolant channel and outer hexaconal enclosure is to be

0.010 inch.

3. Sufficient clearance is to be provided between adjacent

fuel elements to prevent contact durinc reactor operation.

A total gap of 6 percent of the fuel element width is pro-

vided in the design, allowing for dimensional tolerances,

thermal expansion and deflection of the fuel element, and

permanent growth due to fission product accumulation. Of

the 6 percent, 1 percent is allowable for _rowth because

of gaseous fission product pressure.

h. The fuel elements are to be supported from a front tube

sheet by means of a cantilever attachment designed to meet

the load conditions imposed upon the reactor assembly.

Provision is to be included for differential thermal expan-

sion between the front tube sheet and the fuel element. A

suitable seal is to be provided to prevent leakage of the

coolant gas from the path leading to the fuel element coolant

channels.

ANALYSIS OF ALLOWABLE FUEL B[_NIfP

Parametric analyses were made of the allowable fuel burnup based on the

criterion of I percent permissible linear growth due to gaseous fission

product pressure. These analyses were done for both the W-UO_ and the

Mo-UO2 fueled core compositions, for UO 2 volume fractions of 40, 50,

and 60 percent, and for cermet matrix densities of 90, 95, and i00

percent of theoretical. Time of operation ela_sed before reachJn_ a

permanent growth of i percent was calculated a_ a function of temp_rature

level and power densit F.

The cladding is excluded from the calculation, _ince the claddin< volume

fraction varies from one design to another, dependin£ on the coolant

channel size_ for the current reference design, the power density can

be converted to include the claddina by multiplying the quoted power

density by the factor 0.806, which is the ratio of fueled core volume

to the total metal volume including cladding. Therefore, the results of

the analysis can be applied generally, without the necessity of a correc-

tion for cladding volume fraction.
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The analytical model and method of analysis used for this study are

extensions of the method developed by Foreman I and used by Chubb and

Pacrocki 2 to determine the swelling of fuel only. The Foreman model

is simply a sphere with a concentric soherical cavity in which all the

fission gases are assumed to collect. The extension of the Foreman

model consists of using a composite (two-material) sphere to represent

a matrix-type material. The analytical model used in this case is shown

in F_gure 5.2.3. Growth due to the accumulation of solid fission products

is in addition to that of the gaseous products considered in this analysis.

The effect of solid fission products was not included in the present

analysis since it becomes significant for fission product accumulation

levels about one order of magnitude hicher than in the reference design.

The b::sic assum_tions underlying, the analyses are:

i. The constraint upon swellin6 due to the claddin_ is

nealected.

2. The only significant deformations caused by the _aseous

fission products are those due to second-sta6e creep.

3. The second-stage creep behavior of the materials can

be represented by a power law of the form

= Ae -O/PT on

where e = creep rate

= stress

Q = activation energy

R = gas constant

T = absolute temperature

A, n = materia] constants

_. The fission <ases obey the idea] gas law.

5. The fission Kases remain in the fuel particle and nucleate

to many small uniformly distributed "bubbles" in a time

which is small relative to the time for creep deformations

to occur.

6. There is no swelling until the fission _as pressure exceeds

the system pressure.

7. There is no chan_e in the creep properties du,- to the

irradiation effects.

8. The _aseous fizsion product y_e]d is 8.64 x ]O 25 _rrm_-

moles per fission for the temnerature rance of interest.

Calculations were performed using methods developed for the 710 Reactor

Program. Results of the analysis are presented in Figures 5.2.4 through

5.2.21. The curves show the calculated time to 1 percent growth versus

temperature of the cermet element when operating at various power densi-

ties (fissions/cm3-hour). The data in Figure 5.2.11, for W - 60UO 2 (vol.

%) of 95 percent of theoretical density were used for estimating the

IA.J.E. Foreman, "Calculations of the Rate of Swelling of Cas Bubbles

in Uranium,' AERE-TM-13h, March 1956.

2W. Chubb and S. Paprocki, "Development of Advanced High-Temperature

Nuclear Materials During November 196h through January 1965,"

BMI, BMI-1716, February 1965.
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burnup capability using the i percent growth criterion for the current

reference design (section 4.2). The data for the remaining compositions
W

together with the nuclear parametric data of section 5.3.2, can be used

to estimate reactor size and fuel element lifetime for other designs which-

may subsequently be of interest.

System pressure was assumed to be 1500 psi; this parameter is of importance

since the analysis presumes that no growth can occur until the _aseous

fission product oressure exceeds the system pressure. Therefore, the

analysis implicitly assumes that there will be no prolonged periods durin_

which the fuel material is at operatin< temperature in the absence of

external pressurization. Therefore, to avoid the possibility of _rowth

after shutSown, i.e., after depressurization of the system, the fuel

teml_rature should bo reduced by at ]east lO0°F as soon as possible and

then to lower temperatures, as convenient, to take advantage of the hiKher

creep strengti_ of the tungsten matrix.

To check the validity of this analysis, analytical predictions were com-

pared with experimental data obtained ¢rom the A_C-f_mded programs at

GE-N_PO. The imposed conditions of temperature, bnrnup rate, and total

burnup, together with the calculated and measure<] values of the diametral

growth, are summarized in Table 5.2.1. The ratio o¢ the experimentally

measured-to-calcuiatea diametral growth is plotted in Figures 5.2.22

_hrough 5.2.26 respectively as a function of burnu U rate, total burnuo,

temFerature, number of thermal cycles, and total time at tne test con-

ditions. These figures show that there is no well defined trend as a

function of any of these parameters and that the calculated values are

conservative. The calculated growth values for the _{o-UO o matrix speci-

mens (LTFF-IO and LTFF-12) are appreciably more conservative than for

the W-UO_ matrix specimens. This result was expected since the creep

data use_ for the _4o is based on data for arc-cast _o, whereas the '{o

in the matrix of the experimental specimen is basically a powder-

metallurgy product, which is believed to be more creep-resistant than

the arc-cast material. It is not yet clear why the one W-UO 2 specimen

(LTFF-8) exhibited such low _rowth relative to the other W-UO 2 specimens;

however, the presence of ThO_ in the W matrix may have resultgd in a

disoersion-strengthened effect. The dimensional measurements on the LT-710-1

specimen are not yet complete_ however, it is clear ¢rom the extremely

small ma<nitude of the calculated growth (O.Oh_-see Table 5.2.1) that

the correlation between the measured and calculated values cannot be

expected to be nearl_z as goo_ in this case since the tolerance o¢ the

measured value is ± 0.06 percent.

In summary, this comFarison shows that the armly:_is overpredicts

the amount of permanent growth to be expected and is, therefore, con-

servative.

The nuclear data is for the W-UO_ system only, but use of _4o-UO^

would reoult in cores with slightly higher excess reactivity.
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_m-, T_ rim • _ T_)_,A_JY .... ATe'. A.LJ CYCLIC STRESS ANALYSIS

Stress analysis of the 710 Peactor fuel element has been emphasized in the

710 Peactor program to gain a good understandina of the behavior of the

fuel elements during operation. Stress analysis methods 3 have been developed

for the matrix-type fuel element including a plane - strain plastic-visco-

elastic computer program 4 to carry out the stress analysis. The analyses

were designed to:

I. Define the loadin_ conditions

2. Evaluate the relative sensitivity of the stresses and

strains associated with the various loads and thermal

conditions at the design-point operatin_ conditions

3. Provid_ a preliminary evaluation of the magnitu_]e and

direction, i.e., shrinka£e or growth, of possible ratchet

mechanisms associated with cyclic operation of the element

4. Further evaluate the mechanical properties data requirements

for the final analysis phase

5. Provide information to aid Jn the evaluation of the current

fuel element tests and to further define future fucl element

test requirements

(. Define the analytical models to be used in the final fuel

element analysis

7. Provide background information to aid in the evaluation

of alternative materials, design details, and modes of

operation.

The design-point loadina conditions evaluated to date have been for static

conditions, primarily for correlation with results of static tests with-

out dynamic loadin<. As only limited mechanical properties data were

available for the specific materials used in the fuel elements, it was

necessary to extrapolate and interpolate the existin_ data as well as

to use data from the literature, where available. Consequently , the

results are viewed as preliminary and primarily qualitative. The magnitude,

including direction, of the results are believed to be correct and have

been substantiated by experimental testing. Results and conclusions are

not presented herein as they are val_d only for the specific Fuel element

_eometry and operating conditions analyzed, since the creep properties

of the materials are very stronK functions of both stress an_] temper_ture.

However, results and conclusions for the 710 Reactor fuel element are

presented in footnote 3.

The loading conditions considered for this analysis are applicable to

_ny matrix-tYFe fuel element and discussed below.

3J.E. ?IcConnelee., "7]0 Experimental Reactor Fuel Element - PreliminarF

_treo.,/.,traln Analysis, GE-,N._.PO, c,E_gP-370 , June 2P0, 1065.

hj.p. Yalch, "Plane - Strain Plastic-Viscoelastic Deformation of a

Composite Tube," GE-NMPO, GEMP-415, June 1966.
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Other than the dynamic loads incurred during normal operation of the

vehicle, the loading conditions on the fuel element are primarily static

in nature. The thermal transients are all much too slow to involve any

inertial thermoelastic coupling effects. There should be no flow-induced

vibration as there is no back-side flow. Also, a review of Los Alamos

data 5 indicates that there should be no Helmholtz or pipe organ type of

flow-induced vibration in the fuel element.

The static loads on the element are summarized below.

Stea_/ State Loads

I. '!echanieal (see Figure 5.2.27)

a. Dead weight load of the element - This produces a simple

axial tensile load which is proportional to the weight

per unit length of element and the distance from the

bottom of the element.

b. Drag load associated with the flow through the coolant

channels - This also produces a sim_le axial tension

which is proportional to the pressure drop between a

specific axial position and the exit en_1 of the fuel

element.

c. Higher internal pressure in the coolant channels relative to

the pressure outside of the element - The separation between

inlet and exit pressures is at the inlet end of the fuel

element. Therefore, the exterior of the element sees exit

gas pressure, whereas the interiors of the coolant ehanne!s

see some pressure IP=f(x/L)l intermediate between the

inlet and exit pressures.

d. Relatively high isotropic pressure component due to the

high overall system pressure and small pressure drop

through the element - It is well established experi-

mentally that isotropic states of stress do not produce

plastic flow in homogeneous and isotropic media. Since

this is a compressive isotropic state of stress, its

principal effect should be to retard any volumetric

growth mechanisms. Hence, it need not be considered in

the analysis.

2. Thermal

a. Local temperature distribution about a single coolant

channel - Removal of heat from the element by the flowin_

coolant pro@uees local temperature _radients in the v_cinity
of each of the coolant channels. The typical element is

so designe:_ that, exe!usive of perturbations, each of the

coolant channels of a <iven element will have essentially

the s%_e heat flux and the same local temT>erature distribution

relative to the axis of the individual channel. The

magnitude of these local temperature differentials will

be a function of local power level, thermal properties

of the claddin_ and matrix, and local heat transfer

coefficient and bulk coolant temperature.

5R.S. Thurston, "Pressure Oseiallations Induce_ by Vorce_ Convection _!eat

Transfer in Two Phase and _upercritical Hydrogen," LAr_Z-3070, '._ay196_.
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b. Cladding - matrix and header-plate - matrix differential

thermal expansion - The different thermal expansion

properties of the cladding and matrix materials produce

thermal stresses which are a function of the local

temperature level.

c. Local temperature perturbations - Local variations in

tolerances, fuel density, etc., can result in local

temperature perturbations and associated local hi<h

stresses or strains.

d. Axial temperature distribution - The axial variation of

power level and coolant properties result in an axial variation

in the mean temperature of the element (_ross mean across

the complete cross section of a single element).

e, Gross temperature differentials across the element cross

section -Variation in core power density with radius

produces an essentially linear temperature cradient

across a typical element remote from the core neriphery.

As lon_ as the element is not externally constrained,

a linear temperature gradient will only produce a simple

bowing of the element without stress. The present design

philosophy is to provide sufficient clearance between

adjacent elements to avoid contact as a result of this

bowing. This eliminates the possibility of external

constraint.

Asymmetries of the thermal environment in the vicinity

of a given element (particularily near the periphery of

the core) may result in _ross temperature differentials

across the element which are nonlinear and hence would

produce thermal stresses. The analysis of these must

await the results of the detailed temperature calcu-

lations for the final desicn.

Transient Loads

. Mechanical

hxcludina vibration, there are no significant transient

mechanical loads on the file] _]ement d_]rin'_ norm:l] oT,erat_or_.

Thermal

Since the thermal stresses are all quasi-_st:_Lic in n;_ture,

i,e., sufficiently s]Io w th:it inertia effects cn.n l)e me/zl:,cte2.,

the tr_n.nsient thermal stres._cs are simply treate_ as soeei_l

cases of the steady-state thermal stress analysis.

A summary of the el,_stic stress analysis is sho_m in Figure 5.2.28. The

analytical mode], method of analysis, planned evaluation tests, and re-

quire_ material properties are incl_ded in this figure.

A preliminary vibration analysis was performed on two 710 fuel elements.

The results, shown in Figure 5.2.29, show good correlation between the

calculated natural frequencies and the experimentally measured values,

when vibrated in the free - free condition, for the 37-channel an,] 91-

channel 710 fuel element confi=>urations. Values fo_ the bendin_ and
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lon_itudinal modes wPr_ calculated from the cla._sical equations and the

followin_ assumptions:

I. The UO o particles are loose , i.e., they contribute to the

mass b_t not the stiffness.

2. The cross-sectional propertie._ are constant alon6 the lenath

of the element.

The fact that measured frequencies are _enerally lower than the calcu-

lated values was attributed to the _rcsenec of the thick header olates

at each end of the element which have a _reater _asa per unit length

than the average cross section.

In addition to the two ass1_otions used in the lon_itu_inal and bendin_

vibrations, it was assumed that the equation for a circular rod could

be used and a value of 0.3 was assumed for Poissor_'s ratio to calculate

the torsional natural frequencies.

For preliminary design _ulrposes, a_reement is _ood between the measured

and calculated frequencies in bending, ]om_tudinal, an_ torsional

free - free vibration. F!owever_ since the fuel e!e_ents are to be used

in a cantilevered condition and the method of attachment to the tube

sheet has not been tested_ additional testinK will be required to sub-

stantiate the calculated natural frequencies of the fuel elements in the

reactor.

_.vO'_ OF THE F[_L ELE_.._.!rTDESIGN

The layout of the fuel element design and the method of attachment to

the upper tube sheet are shown in Figure 5.2.30. The fuel element is

affixed to the tube sheet with a threaded fastener. Projections on the

rear face of the tube sheet assist in aliKninK the fuel element with

the hole in the tube sheet during assembly and resist the torque when

tichtening the fastener. There is a seal between the aft face of the

tube sheet and the forward face of the fuel element to prevent the coolant

from bypassing the fuel element. With this method of attachment, the

fuel element is cantilever-supported from the front tube sheet.

The fuel elements are hexagonal, 1.73 inches across-flats, approximately

33 inches long, _Id are fastened to the tube sheet on a 1.834-inch tri-

angular pitch. This provides a O.104-inch gap between fuel elements

to accommodate for differential thermal expansion between the fuel

element and tube sheet, fuel element growth, and other factors discussed

under Design Criteria.

The fuel element is composed of a fueled section_ an unper header plate,

and a lower header plate. The fueled section consists of a W - 00UO 2

(vol. %) matrix within a hexagonal metallic cladding. Coolant tubes,

through which the coolant gas passes, extend from the upper header plate

through the matrix to the lower header plate. The hexaKonal cladding,

upper header plate, lower header plate, and coolant tubes are fabricated

from W - 30Re - 30_o (at. %). The upper header plate serves as a nlenum

to distribute the coolant into the coolant tubes. It contains a groove

for a metallic "0" rink that provides the seal to the tube sheet, and is
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interrlal]y threaded to accommodate the threaded fastener. The rear

header plate provides an end seal for the matrix and is dimpled to re-

strain the fuel element laterally.

The fuel element contains 37 coolant channels, with an average diameter

of 0.192 inch, located on a triangular pitch of 0.2821 inch. The hydrau-

lic diameter of the coolant channels is the same in any given fuel element;

however, the hydraulic diameter of the coolant channels is varied from

element to element across the radius of the core to control the radial

temperature distribution. The hydraulic diameter in the center fuel

element is 0.209 inch and 0.168 inch in the outermost fuel elements.

The pitch is decreased slightly on the inner fuel elements, to 0.2793

inch on the center element, to maintain an outer liaament thickness of

0.015 inch in the matrix. This is considered to be the minimum thickness

for economical fabrication of the matrix and for stress considerations.

The calculated weight of the completed fuel element is 25.3 pounds.

Assuming the cross-sectional properties are those of the fueled section

and are constant alone the 33-inch length of the element, the calculated

natural frequency of this cantilever-supported fuel element is 33 cps.

_3SESS!,tEET OF PROBLE_IS ,_7_D CURRENT STATE-OF-THE-9-RT

_o significant problems can be identified for the fuel element of the

reference design evolved during the current study. The curre:it state-

of-the-art capability provided by the AEC-funded programs at CL-N_PO is

believed to be equal to or greater than that required. Operational modes

identified or discussed in other sections of this report, particularly

with regard to reactor shutdown mid aftercooling, indicate that transient

temperature gradients are modest and insignificant.

The use of hydraulic diameter variation for radial temperature control

in the present reference design is possible without difficulty excent

in the centermost fuel elements, where a reduction of the hole Ditch

is required to avoid liKament thicknesses less than 0.015 inch at the

outer boundary. This is a problem only on cores of relatively large

size and, consequently, of relatively high porosity. In the nresent

case, only a small volume of the core is affected and the use of

reduced UO 2 volume fraction in the affected elements is possible as
an attractmve alternative method should further study indicate it to

be desirable.

The O.104-incn gap (6% of the across-flats dimension) between fuel ele-

ments for preventing contact of the elements during reactor operation is

believed to be sufficient for all factors identified by the design criteria

(uimensional tolerances, thermal expa_ision ant aeflection, and pc,rm_nent

growth of the fuel element). However, to extend the l_fetime of the fuel

element significantly oeyond i000 hours, use of hydraulic dia_neter variation

withim individual fuel elements may be desirable to reduce temperature

_,u power profiles across a single fuel e]ement. Use of varying hole

sizes within a fuel element, per se, is no problem for the fabrication

orocess used with the 710 fuel element, further study is required to de-

termine whether any limitation on this approach might arise from the mini-

mum ligament thickness, buth the limitation, if any, is expected to be

minor ...... ,... , C _, _-'_,_,_"- _



124

Tim' adequacy of the proposed cantilever support for the fuel element

should be determined on the basis of a detailed evaluation of the vibra-

tion of the reactor s_ructure as affixed to the vehicle, and should be

verified by experimental tests. Although the natural frenuency of the

fuel element can be increased by the use of a rear restraint, the influ-

ence of bowing of the fuel elements due to the temperature differences

across the elements in operation must be evaluated.

Sheet and plate forms of the W - 30Re - 30Mo (at. %) alloy are readily

available in the required sizes for this fuel element. However, tubing

is not yet available commercially. Eneouragin_ progress has recently

been made in the fabrication of tubin_ to the necessary quality level

in 15-inch lengths. Achieving the 31-inch-long tubing for this fuel

element will be an extension of this work. There is no fundamental

limit in the process insofar as fabricating lengths required for reactor

use.

APPLICABLE WORK UNDERWAY

Current development effort on the 710 Reactor fuel element is guided

by the requirements for space power application, and _s comparable

with the aircraft requirements as summarized below:

Lifetime, hours

Temperature, OF

Power. r<wt

Space Power Aircraft

A p__licatipn ......... Application

I0,O00 >I000

<_00 <2500

1.05 25o

Power density in fueled

core, Mw/ft 3 0.75

Total average burnup for design i010
life, fissions/cm 3 3.2 x

Fuel core material, vol. % W - 60UO_

W - 30Mo - _0ReCladdin6 material, at. _

hP.B

. 10201 92x

W - 60UO_

W- 30Y,o - _0Re

(Ta - 8W - 2}{f, Mo - 50Re)*

The lifetime ana temperature requirements for s_ace power are Ligher,

but the total fission product accumulation is lower.

Ti_e scope of the development effort in the 710 Reactor Pro<ram had been

established from an evaluation of potential causes of fuel element failure,

as identified in Figure 5.2.31 for the space powerp]ant. Because of the

need for a rocket boost, some phases of the spaee spnlication are con-

cerned with vibration and acceleration forces before the _eactor is brought

to operating conditions. However, those parts of the program uneer the

'Fuel Cartridge Development and Qualification", i.e., non-nuclear and

nuclear tests, are directly applicable. The non-nuclear portion involves

high-temperature testing (3000°F capability) with thermal cycling in

static 6as at atmospheric pressure and elevated-Toressure (i000 psig cap-

ability), and in dynamic gas at elevated pressure. The nuclear portion

involves high-temperature testing with thermal cycling in static gas.

Figure 5.2.31 shows that such a program covers all potential causes of

fuel element failures except for vibration and s-load effects and

interference effects should adjacent fuel elements contact each other.

*/._Itern at ive Materials.
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All non-nuclear test results derived from this program are pertinent and

applicable to the present design except for the influence of geometry

factors arising from the relatively higher porosity required in the

aircraft application. The fuel element design which establishes ref-

erence values for the 710 Reactor development program is listed in

Table 5.2.2, with the corresponding data for the average element from

the present study shown for comparison.

Through 1966, 66,803 hours of non-nuclear specimen test time had been

accumulated. This total includes hh,905 hours of 30OO°F static tests

of multi-channel an(] single-chal_nel test specim_ns; h990 hours of dyne%talc

testing; _u_d 16,908 hours of testin_ process development specimens of

simple geometry at 3000°F.

To some extent, the in-pile work is applicable, i.e., insofar as the re-

sults are correlatable with analysis methods which can then be used for

predicting capability for the lower-temperature, high-power-density con-

uitions of the aircraft application. In-pile test soecimen LT-710-1 has

completed 3000 hours of testing in the LITR C-h8 facility at a temperature

of 2750 ° to 2800°F. In-pile test specimen LT-710-2 has completed 2130

i_ou_'s of a scheeuled 50()O-hour test st a peak calculated temperature of

i_CeF in the LITR C-42 facility. Also, as sho_n in section 3.2, the

rs-'_ce of burnup levels achieved in tests tulder the AEC High-Temperature

Materials Program at GII-?Ik_PO have reached those required in the Aircraft

Application (Reference Figure 3.2.13).

Substantial support for the 710 Reactor program has come from the High-

Temperature Materials Program and is expected to continue in the areas

of:

I. Chemical and metallurgical compatibility of 710 I_esctor fuel

element materials

2. Fission product retention capabilities of fuel element cladding

3. Burnup capabilities of fuel element materials

4. Radiation effects on the properties of fuel element materials

5. A basic understanding of the physical phenomena in containing

UO 2

o. The physical and mechanical properties of fuel element materials.

Nevertheless, additional in-pile work for the specific fuel element design

and operating conditions is required for proof-tests; such work is out-

side the scope of any currently or previously underway.

5.2.3 Reactivity. Control Conceptual Design and Assessment

:_?_S1O?Z C_ITERIA

i ° The reactivity control assembly is to meet the same require-

ments, where appropriate, as the reactor assembly, specifically

with regard to applied loads, lifetime, n_mber of cycles, and

exposure to inert gas or water containing a suitable boron

compound.
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TABLE 5.2. I

PARAMETERS USED IN FISSION GAS GROWTH STUDIES

Specimen Matrix Composition, Temperature, Burnup Bate, Total Burnu_, Diametral Growth, %
Number vol % ° F fisslons/cm3-hr fissions/cm _ Measured Calculated

LTFF-7 W - 60UO 2 3230 (135 hr) 2.03 x 1016 I. 3 x 1019 0.88 ± 0. 06 I. 48

3600 (192 hr)

3900 (293 hr)

3630 (20 hr)

LTFF-8 (W + 0.8ThO2) - 3500 1.93 x 1016 2 x 1019 0.14 • 0.06 1.04

(55.4U02 - 3.8ThO2)

LTFF-9 W - (54UO 2 - 6ThO2) 3630 1.97 x 1016 2 x 1019 0,9 • 0.06 I. 59

LTFF-10 Mo-60UO 2 3200 I. 52 xl016 1 3 x 1019 0.2 *0.06 1.67

LTFF-I I W - (54UO 2 - 6ThO2) 3000 I, 3 x 1016 4 x 1019 0.5 a ± 0. 06 0.86

LTFF-12 Mo-60UO 2 3270 1.6 x 1016 1.7 x 1019 0.73 _0.06 3.44

OBRF-I (W - 25Be) - 60UO 2 2910 8 x 1016 7 x 1019 0.42 • 0.06 0.84

LT-710-1 W - (53.7UO 2 - 6.5THO2) 2800 I. 33 x 1016 4 x 1019 Post-test 0. 04

examination

incomplete

aEstimated value. The actual measurement on the outside of the cladding was 0.8 i 0.06%. However, since the

OD cladding was later found to be unbonded with a gap at the interface, it was assumed this gap would be at

least as large as the differential thermal expansion between the cladding and the matrix. Therefore, this value

(0.3%) was subtracted from the measured value to obtain an estimate of the dimensional growth of the matrix.

TABLE 5.2.2

710 REACTOR FUEL ELEMENT DIMENSIONS

Space Power

Application

Aircraft

Application

Matrix (across-flats), in. I.426

Number of coolant channels 19

Coolant channel hydraulic diameter, in. 0.135

Coolant channel pitch, in. 0.329

Coolant channel cladding thickness, in.

W-Re-Mo 0.010

Ta - 8W - 2Hf and Mo-Re 0. 015

Outer cladding thickness, in.

W-Re-Mo 0.010

Ta - 8W - 2HI and Mo-Re 0. 015

Active fuel length, in. 14.264

1.73

37

0. 192

0. 282

0. 010

0. 010

m

30.0
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2. l{eactivity control is to be by reflector removal if feasible;

internal poison control, if not.

3. A radial reflector of molybdenum immersed in borated water is

preferred, if feasible, so as to serve the dual function of

shield and control system.

It should be noted that no criterion was established for rate of reactivity

removal because the reactor with a nonmoderating reflector such as Me

has no identified positive reactivity effects, either instantaneous or

delayed, with increase in reactor temperature. Instead, all identified

temperature effects are negative with increasin_ temperature. Should th_

reflector be moderating, e.6., Be, a delayed _ositive temperature coef-

ficient would be present, and specification of the rate of reactivity re-

moval by means of the active control system would be reauired.

ARR&[[%_iE_[T STUDIES

The results of studies of various reflectSr control schemes in previous

design applications of the 710 Reactor, e.g., nuclear rocket and space

power plant, gave incentive to consider reflector removal control for

this apFlication as well, ew_n t_louzh tn_: reactor size for the aircraft

application is relatively large. Poison control rods Jn the active core

arc unattractive becam_c of the lencth required for operatin_ travel, the

i_lability of the possible _oison materials to operate at th< _ desired tem-

:_cr_turc, _d the Feasible reGuire_ent for pressure vessel _enetrations.

The concept of rotating drums with poison in the reflector was also

rejected because of the negative results of previous stuaies (see section

5.3.3). Consequently, the nuclear feasibility o_ physical removal of

the reflector was determined first as discussed in section 5.3.3 and

then, with assurance on this point, several methods for achieving the

reflector displacement were investicated. The several methods are

illustrated in Figure 5.2.32. The axial displacement concept (a) was

discarded because the travel requirements impose severe limitations

on duct design and arranaement. The petal concept (c) requires a comnlex

linkage system for actuation. The rotation of reflector segments (e), the

feasibility of which has been demonstrated* in a reactor design, was selected.

Arrangement studies were made with the reflector immersed in borated

water or in primary coolant gas, as discussed in section 5.2.1. When

immersed in gas, the coolant is the primary _as both durin_ operation

and in the aftercooling mode. This scheme is adaptable to the concentric

duct arrangement for the shield penetrations. During normal operations,

however, a problem e_ists in directing flow to the parts of the reflector

having the highest internal heat generation rate, next to the core,

since the reflector segments will be rotated close to their innermost

position. A special flow path is required if this scheme were adopted.

When immersed in borated shield water, the coolant is water_ while

forced circulation of the shield water becomes necessary s_ecifically for

this purpose, the pumpin_ power is much less than if the coolant _ere <as.

Consideration of the need to maintain aftercoolinK flow to the reflector

led to the concept of including a flow path down the shaft on which the

reflector is mounted, with suitable coolant channels bleedin_ the flow

*PWAC-h71 (CRD) "Reactor and Shield Design Status - SNAP-50" Pratt &

Whitney Aircraft Division, United Aircraft Corporation.
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from the shaft through the reflector. During normal operation, the coolant

is recirculated shield water requiring a water-to-air heat exchal_er.

Afzer the reactor is shut down and the snield water is drained, the cool-

er must be a gas. The amount of aftercooling reouired for the reflector

_a t_e quantity of gas supply reouired for this purpose denends u_on

the temperature levels permissible in the reflector and its support struc-

ture while the aircraft is still subjected to normal gust and maneuver

loads. The use of I_o as the reflector material will permit higher oper-

ating temperatures tha_ would be the case if the reflector were Be. The

higher temperature capability will permit radiation to become the _re-

aomirl_t heat transfer mechanism much sooner, thereby significantly re-

uucing the qu_itity of inert coolant gas required.

The shaft on which the reflector rotates is mechanically attached to the

reflector segments through suitable flanges eliminatin_ weld connections.

The shaft rotates on bearings mounted to support pi]lars which are attached

to the flow divider between core and reflector. The actuator which drives

the shaft is mounted to one of the bearin_ supports to assure alignment.

The shaft and bearing supports are located between the inlet and exit ducts.

The ste rper motor considered in this study to actuate each reflector cle-

ment is the Bendix Nutator* motor illustrated in Figure 5.2.33. It con-

sists of a stationary external bevel gear and ei__ht radial segments each

conslstir.g of an electromagnetic solenoid. The electrical components,

solenoias, and an. optional position feedback potentiometer are contained

in a _:crmetically sealed gas environment. Penetrations must be provided

tnr_,ugk Lhe containment vessel for these connections. The nutating arma-

ture _u_d _l internal bevel gear are attached to the outDut shaft by a

flexible member which is rigid in torsion. Wher_ four adjacent solenoids

are energized, the armature pulls the bevel gear into engagement in the

sector wi_cre the solel,oids are located. Energizing solenoids in sequence

(always keeFing four adjacent solenoids energized) rotates the area of en-

ga[]ement about the stationary gear. A one-tooth differential between the

two beveled gears results in advancing the output shaft through an an{le

subtended by the circular pitch when the solenoids are operated in sequence

through one complete revolution. The velocity torque relationship of

this motor is shown in Figure 5.2.34 along with tl_e same motor with a

5-to-i gearing reduction.

The preferred arrangement is for the reflector to operate normally immersed

in the shield water. Bein_ '4o, the reflector for the reference design

is relatively dense. %_en the reflector is closed upon the reactor, the

draK force caused by the water plus the inertia of the heavy reflector

raises a question with remard to the feasibility of the actuator to scram

the reactor within a reasonable time. Therefore, an analysis was made

to determine the rates that can be :_chieved with the proposed actuator.

Assumptions for this analysis were:

I. The reflector is divided into 12 circumferential Mo segments,

each weighing 735 pounds and with a mass moment of inertia

of 69 inch pounds/second 2.

Registered trade name of the Bendix Corporation.

m , • . : •
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2. A total reactivity worth of all segments of 5% Ak/k was

assumed, with a displacement-worth curve as shown in Figure
W

5.2.35 based partially on published experimental results.

3. The torque limit of the actuator is 2hO in.-Ib.

Since the reflector elements operate in a water environment, the scram

torque required is defined by the following equation:
2

T=J_+C6

where T = scram torque

= ancular acceleration

@ = an_ular velocity

J = inertia

C = damping, con:_tant

The dampinq constant was derived from consideration of the dynamic pressure

forces caused by rotating the reflector element through water and is

estimated to be: ¢

C = 3.05 x lO -6 x L x W4 ll
+

where L = reflector length, inches

W = reflector width, inches

t = reflector thickness, inches

(5.1)

2

Q--+ sine + Q (1 - cose)

ho = clearance between core shell and fully closed reflector, inches

% = angular position of reflector at initiation of scram

Substituting the assumed values of hO inches for L, 9 inches for W, and

5 inches for t into equation 5.2, the damping equation becomes

C = 0.8 ] + 0.028 + sine + 0.555 (I - cos0)

Usin_ the displacement worth curve, the angular displacement A0 equivalent

to 0.2 percent Ak/k at 2.5-degree intervals was derived and a smooth curve

describin_ this relationship is shown in Figure 5.2.36. These angular

displacements (A0) were proflrammed into a computer program for various

scram-time intervals which determined the angular acceleration, velocity,

and scram torque for various angular starting positions. A family

of torque-velocity data was generated for various reactivity withdrawal

rates.

Because a position resolution of 0.OO1 percent Ak/k is desirable, a

gear reduction of 5-to-i was assumed in the analysis:

Total reflector worth, 5% Ak/k

Reflector motion, hO degrees

Worth of one reflector element, O.h1667% Ak/k

*NAA-SR-6207 (SRD) "SNAP 8 Reactor Preliminary Design Summary," NAA-SR-

6207 (SRD) Atomics International Division, North American Aviation, Inc.,

edited by H. Rosenburg, June 15, 1961.

PWAC-642 (CRD) "SNAP-50/Spur Program Engineering Progress Report,

April i, 1964, to June 30, 196h," PWAC-642 (CRD), Pratt & Whitney

Aircraft Div. United Aircraft Corporation.
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One step of motor, 0.45 de_ree

Equivalent worth of one step, 0.00)_687% Ak/k

Worth of one step with 5-to-i reduction, 0.00093% Ak/k

A/though scram requirements are not explicitly defined, it is desirable

to obtain the highest possible scram rate and conserve the scram torque.

Results from the analysis indicate the maximum velocity attainable within

the torque capabilities of the Nutator motor is 0.2 percent Ak/k withdrawal

in 0.15 second. The torque velocity relationship of this scram rate is

indicated by Figure 5.2.37 and the required torque as a function of

starting position in Figure 5.2.38. The analysis shows that the damping

term is significant only when the reflectors are very close to the core

shell: thereafter, only the torque required to accelerate the reflectors

is significant.

If the control system is programmed to develop a scra_ velocity of 0.65

rad/sec (with a constant acceleration of h.3439 rad/sec 2) reaardless of

starting position, the shutdown rate (% Ak/k withdrawal) at the smaller

startin6 angles will be considerably higher than the 0.2 percent Ak/k

per 0.15 second. Consequently, the Nutator motor is conceptually feasible

for meeting the control requirements.

DESIGN LAYOUT

The final design layout of the reactor assembly includes the details of

the reflector control assembly and support. The actuator desiKn layout

has been described under "ArranKement Studies."

ASSESSMENT OF PROBLEMS AND CURRENT STATE-OF-THE-ART

An evaluation of the reflector and drive system show that there are no

particular problem areas and that a nominal research an_ development

effort could provide an acceptable control system. The use of _..'oas a

reflector material does not appear to be a problem because radiation

effects would be of minor consequence since the material is not highly

stressed. Areas that would require development a.nd test effort would

primarily be the actuator and the reflector suDport bearings. The actu-

ator is not an off-the-shelf item; however, according to the manufacturer,

models :lave been built and operated, and its operatinF_ characteristics

are reasonably firm. Early procurement and operation of _ actuator

built to the design requirements would be desirable to firmly establish

the drive rate - torque characteristics and eva]uate bearin_ and gear

operation using borate_ water as a lubric_]t. The actuator was designed
to withstand a total neutron dose of I018 nvt. Operation of tl_e actu-

ator - reflector assembly should be conducted in the uorated water en-

vironment to confirm the predicted torque values r_articularly at the nearly

closed position. Critical experiment data would be required to establish

the relationship of displacement to control segment worth from which a

desiE_ could be generated.

APPLICABLE WORK UNDERWAY

Current reactor design effort of the 710 Reactor Program is concentratec

on evaluating axial-displacement-control moderatin_ reflectors_ however,
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critical experiment measurements have been made with nonmoderatin_ stain-

less steel and Mo reflectors and these data are being correlated with

analytical methods and will be reported in 710 Reactor progress reports.

Current effort on the SNAP 8 reactor involves the use of a rotating

leakage control reflector. Some parts of that effort may be applicable

and should be evaluated as a guide for future analysis and development

work, but the aspect of water immersion is believed to be _ique

and not under development.
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Fig. 5.2.1 - Possible IKe_c'tor &rrangement Considered
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System
pressure

Fig. 5.2.3-Analytical model for fission gas swelling calculations
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Mode

91 Channel Element

Measured Calculated

37 Channel Element

Measured Calculated

Bending

lstmode 616" 614 645* 649

2ndmode 1689 1688 1743 1784

3rdmode 3096* 3316 3268* 3504

Longitudinal

1st mode 4571 4770 4000 3950

Torsional

1st mode (not 2940 2456 2430

2rid mode measurable) 5880 4797 4860

*Average of two tests.

Fig, 5.2.29-Comparison of measured and calculated vibration frequencies (cps)
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b) Radial dJsplocement concept

"__/_/ i_i "t

f

/ \
/ \

f

f

f

Reflector

cl Petal roncept

/ \ \ ,_ xx,,_ \

d} Hall-drum concept

/ \
/ \

R,_n_nn(lJ concept

Fig. 5.2.32- Methods for achieving reflector motion
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5.3 NUCLEAR DESIGN AND ANALYSIS

This section presents the reactor nuclear design information necessary

for evaluation in an aircraft application. Included are parametric data

for sizin_ the reactor when variations are made in the flow area, struc-

tural material volume fraction, volume percent of UO 2 in the fueled matrix,

and length-to-diameter ratio of the core. Data are included for the axial

and radial power distribution within the active core for the design con-

figuration selected in this study, for seconda_j heat _,d afterheat _ener-

ation rates, and for fast neutron flux (> 0.9 Mev) levels. Problem areas

_d required development activities are discussed.

5.3.1 Design Criteria

i. The excess reactivity of the reactor assembly will be sufficient

for a minimum of 250,000 _w-hours, allowing for all short- and

lon_-term effects. The data are presented in Table 5.3.1 which

includes the increment required for 500,000 Mw-hours.

2. The reactor will be controlled by regulatin_ neutron leakage

through reflector removal. A shutdown mar_in of at least 2

percent &k/k is require@ at all times. Table 5.3.2 shows the

required control worth.

3. Temperature flattening will be achieved by varying the hydraulic

diameter of fuel elemen_ coolant channels. The chan_es in power

distribution due to displacement of fuel caused by this variation

are accounted for in the power distribution calculations.

5.3.2 Parametric Data

Parametric data were _enerated for the following range of variables:

Lenath-to-diameter ratio of core

UO 2 in fueled matrix, vol

Void area in core, square feet

Structure-to-void ratio in core

0.8 to 1.6

hO to 60

0.35 to 6.6

0.i to 0.4

The data from this work are presented in a total of 15 _raphs, in-

cluding all combinations of five length-to-diameter ratios (0.8, 1.0, 1.2,

i._, and 1.6), and three core matrix compositions (hO, 50, and 60 vol_<e

percent U02) , by plottin_ reactor diameter versus void area witlJ the struc-

ture-to-void ratio as a parameter. FiFure 5.3.1 is a zraFh of the lenFth-

to-di_uneter ratio and volume percent UO 2 used for the selectea desicn
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TABLE 5.3.1

REQUIRED EXCESS REACTIVITY

Required Excess

Reactivity,

% _k/k

Fuel burnup a - 250,000 Mw-hours

(includes nonfission capture in

U235)

Doppler coefficient (68 °--* 2500 ° F)

Fuel element expansion

Total

-0.9

-0.2

-0.3

-1.4

aFor 500,000 Mw-hours, the fuel burnup would be

-1.8% Ak/k, giving a total required excess

reactivity of -2.3% Ak/k.

TABLE 5.3.2

REQUIRED CONTROL WORTH

Reactivity,

% Ak/k

Fuel burnup

Temperature (Doppler and expansion)

Minimum shutdown margin

Minimum control system worth a

0.9

0.5

2.0

3.4

al>reliminary designs should show at least 5% Ak/k

control system worth to assure a feasible design.
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colzfiguration. The remaining parametric data are _re_ented in Fiaure. _

5.3.10 through 5.3.23. The size of an$" reactor within the limits of the

work can be found by interpolation.

Figure 5.3.2 shows the nuclear model used for this study. The thick-

ness of all extra-core gaps was held constant except the clearance gap

between the core and core shell, which was proportional to the core radius.

The composition of all extra-core regions was also held constant except

for the front tube sheet, fuel element nose piece region, and fuel ele-

ment end plate re_ions, whose porosity was the same as that of the fuel

element. The reactor multiplication factor used for this study was hela

constant at 1.05. This value includes 2 percent _k/k for observed bias

between the anal_rtical and experimental values, approximately 2 percent

Ak/k for fuel burnup and temperature coefficients (see section 5.3.1),

and the rest for desiFn contingencies.

In using these graphs, caution in three areas s]Jould be exercised.

First, changes from the analytical model used for this study may introduce

significant discrepancies. Second, these graphs _ere generated b v an in-

terTolation technique from more exact three-group diffusion calculations.

The charts match these more exact calculations to within about -+ 0.5 inch

over the range of variables specified. Third, the basic methods used in

the calculations have been verified by critical experiment measurements

only in the reactor size range between 12 inch diameter by 12 inches

long and 16.h3 inch diameter by lb.7 inches long.

5.3.3 Reactivit[_ Power Distribution_ and Burnu_) Control

REFLECTOR MATERIAL CHOICE

Nuclear analysis was performed to assess several _ossible reflector

control methods, including two different radial reflector materials, Be

and _'o. From a nuclear standpoint, BeO would be essentially equivalent

to Be. Tne_, also included two different radial reflector environments,

with the reflector immersed (i) in borated water and (2) in the same gas

as the primary coolant.
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The purpose o£ the, analysis was to determin_ _ J£ the centre] margin

avajlab]e was suffici_,nt in all cases. From a m_c]ear standpoint, all

methods appear Feasible. The worth o£ total reflector removal, shown

in Table 5.3.3, is lar_,e enough for this application (see section 5.3.1).

Beryllium causes a power spike at the core - reflector interface; however,

when borated water is used as a coolant between core and reflector, a

spike is also present even when the reflector is Me. Although Me is a

better gamma shield than Be, it is also a source of gamma energy due to

neutron capture, _ so that there may be no particular advantage of either

material relative to one another from a shieldinR standpoint.

One possible control method is a rotatinl, drum of a moderating material

with a thermal poison sector. This method was investigated for the 71C

Exrerimental Reactor, a desif, n conce_t studied in 196h and 1965*. De-

tailed nuclear, mechanical, and ther._al analyses were performed, and two

critical experiments, Y ockups IA and ig, were operated. One area which

received a large ameu_t of attention was the centre! worth of rotatinf,

r oison dmLms in an engineered confir_uration. In thfs method, control is

achieved b v varyin_ TM tl_c thermal and er,ithermal neutron caF ture in the

reflector. In an en_-ineered confi_'uration, the reflector drums or modules

r u',;t b_' contsined b)' structural materials. This material, which does not

rot,qtt _, competes for _l_mtron caT tur_ _ with the rotatin_ poison. In the

Experimcnb,_l Rc_'_ctor config, uration with a cot,:" d_F_t_:r o_ i(.5 inches,

tit(, c_,]cul:Ited control worth witI_ f'ully enrichc, cl ieron-10 carbide poison

sc,_=m_'nts was between 4 and !{ percent Al</k deoerdin< on the structure

and coI_,figuration elf,sen. It appears that a maxi,_um of 30 percent of

the total removal worth (i.e., complete removal of reflector) of a Be

or FeC reflector can I,e achieved hy means of _oJson rotation. For

s._aiier reactors whose reflectors are worth ur to 20 r,ercent Ak/k, the

roiscn rotation ;rethod is feasible. For the selected desiFn confi_ura-

-ion, the worth of a _e reflector is about i0 Fc,rcent Ak/k. Therefore,

it does not apFear desirable to use rotatins uoison control for the:

Fresent ar_plication , especially when reflector removal does appear feasible.

POWER DISTRIBUTIONS FOR THE DESIGN CONFIGURATION

T]:e design configuration was analyzed usin:- a 2PF two-dimensional

S., transnort theory code; the code is a direct extension of Carlson's S-,

m_thed$ which was precrammed by United Nuclear Corporation and modified

b)" [:AgA-Lewis Research Center and CE-2J,_:PO. Sixteen ener_,y _roups were

used, the ceometry was cylirmrical, and S-h an_u]ar detail was em!:lo::ed.

"710 I{eactor Progrsm, Progress Ber,ort No. 2,'2," C£-;'_T0, CE!m-416,

July I, 1966, p. 31;.

_"71C Peactor Prosram, Progress Re_ort": No. 9, <I(_]P-301, July 31, ],i61;;

Yc. IC, G?.tT-310, Soft. 30, 196h; Uo. I], (]l@!_::--jJc'3, _JOV. _0, l!)_,L;

:;c. 12, C,Y_T-333, ,[an. 29, 1965; Lro. 13, C_I_J'Y'--];II!), I"_]FCt_ Z{l, ] I ' ) [ _ [; ;

l:o. 1L, CIU,T-36_, .lune i, 1965; _o. 15, GlI't"}'n-]._.71J,. ' ' T U ] ''. 3 C} ' ] [.' [ ' .},I [ ] a ___[

l:c:. !<, CF!T-365, Oct. i, 1965.

$?:. G. Carlson, "The Uumerical Theory of ._haclear Transport," Veti_ods it:

" t . , i_63.Co._i.utational Uh$'sics, Vol. i, utatls icel Physics Academic Press,



163

Fim_re 5.3.3 shows the nuclear model used. i]inee the _rimary item of in-

terest was power distribution, the nuclear model extends outward throu_lJ

only 5 inches of W shield. For this analysis, the control elertents were

in their closed or most reactive position. Table 5.3.h lists tile non-core

zcne cemnositions ana Table 5.3.5 lists the various core comTzosit_ons.

(;_ete the increase in fuel with radial distance from the core center which

is due solely to the effect of the hydraulic diameter variation, and does

not represent a chan_e in the UO2-to-tunKsten ratio.) The reactor multiplica-

tion factor obtained from this 2DF analysis was ].098; in the three-grou_

diffusion analysis of this confiFuration, the factor was 1.097.

FiTure 5.3.4 shows the axially averaged radial Dower distribution _er

unit of fuel matrix volume. Note the small spike at the core - reflector

interface due to the borated water in the core shell zone. Figure 5.3.5,

5.3.6, and 5.3.7 show the axial power distribution at the core centerline,

at the radial power minimum, and at the core edge. The slight local _eak

at the rear core edge is caused by the borated water located at the rear

of the radial reflector and next to the core shell.

Fi£ures 5.3.8 and 5.3.9 show the fast neutron flux (<reater than 0.9

Mev) axially along the core eenterline and radially at the axial nower peak,

respectively.

The power distributions have been reported for one position of the

control element. These distributions will chan_e durin_ operation. This

effect is discussed in section 5.3.6.

NUCLEAR STABILITY

Althou_h s nuc]e_rly stable reactor system is feasible with some

oositive-reactivity com:_onents, it is virtually assured when all tempera-

ture-dependent reactivity coefficients are negative and occur in short

time. For this type of reactor, the temperature coefficient of reacti-

vity is short-time without any identified delayed components when usin_

a Yo reflector. The Jdentifi,=d reac1,_vJty effects are also negative over

the entire rm_e from room temperature to the core melting _oint. The

contributions from Do),pler broaden_n C (scaled from previous _malyses on

t_e 710 Peactor) and from thermal exnansion are _iven be]o,v for two tcm-

Lerature levels:

Chan_e in Peactivity Fror_ I_oom qkm_r_rnture

tc O/_eratin 6 Temperature (}_ Ak/k)

2500°F 5000°F

Doppler broadenins - 0.]7 - 0.21

Expansion - 0.26 - 0.71

Total - 0.[3 - 0.92

The reactor is inherently stable during normal o_erstion because of

the short-time ne_,ative characteristic. Effects due to the _resence of

borated water surroundin_ the reflector and shields are not expected to

affect this conclusion for the normal operatin_ procedures of this appli-

cation; however, thorough analyses are required of malftmctions or possible

operator errors to determine if instabilities might arise from these sources.

gh_:_,_ _,_t _ _, .; ......
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TABLE 5.3.3

AVAILABLE CONTROL WORTHS

Reflector

Environment

Total Radial Reflector

Worth, % Ak

Beryllium Molybdenum

Gas 10.7

Borated water 9.0

13.0

11.2
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TABLE 5.3.4

2DF NON-CORE ZONE COMPOSITIONS

Zone Description

(See Figure 5.3.3) Constituents Amount in Zone a

Shield Tungsten VF = 0.9

Borated water VF = 0. 1

Borated water Water VF = 1.0

Boron (as potassium 1. 609 x 10 -3 N/barn-cm

pentaborate, 20.4 grams

per 100 grams of solution)

Radial reflector Molybdenum VF = 0.9

Borated water VF = 0. 1

Shell zone /.nconel 600 VF = 0. 346

(radial and rear) Borated water VF = 0. 360

Nb-752 alloy VF = 0. 059

Void VF = 0. 235

Shell zone Inconel 600 VF = 1.0

(forward of tube sheet)

End plate

Tube sheet

W-Mo-Re alloy

Inconel 600

VF = 0. 526

VF = 0. 637

aVF means volume fraction.
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TABLE 5.3. 5

COR E COMPOSITION

Core Region in Order of

Increasing Radius from

Core Center

(see Figure 5.3.3)

Volume Fraction a

W

No. of Cells UO 2 (in Matrix) W-Mo-Re

1 1 0.1977 0.1318 0.1078

2 6 0.1985 0.1323 0.1077

3 12 0.2006 0.1337 0.1073

4 18 0.2054 0.1370 0.1066

5 24 0.2120 0.1413 0.1056

6 30 0.2227 0.1485 0.1039

7 36 0.2365 0.1577 0.1016

8 42 0.2527 0.1685 0.0989

9 48 0.2722 0.1815 0.0955

10 24 0.2944 0.1963 0.0915

Total 241 Avg. 0. 2428 0. 1619 0. 1004

aMatrix is 40W -60UO 2 (vol %) at 95% theoretical density. Volume fractions

listed are for theoretical density.
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Bowler, of the fuel elements either due to thermal _radients or to

differential _rowth arising, from fission products leads to a zero or

n_£ative reactivity coefficient provided there is no rear tube sheet. If"

a rear fuel element support is used, detailed analysis will be necessary

to estimate both the thermal expansion _d the permanent 6rowti effects

so as to determine if a positive effect could exist.

5.3.h Secondary Heat Ceneration Rates

Detailed nuclear heating calculations made on the 710 Reactor* permit

the followin_ observations. First, most of the core _amma energy will

remain in the core since the core materials are all _ood gamma ray absorbers.

Second, in extra-core components, suc_ as the radial reflectors and struc-

tural materials, much of the heatinc will be due to neutron-capture-induced

_amma rays. This fact will require ar_ accurate neutron calculation be-

yond the core boundaries. Third, tl_e total l_eat deposited outside the

core and core shell will be small. In the 710 Experimental Reactor, approxi-

mately 98.5 percent of the total reactor power was deposited in the core,

tube sheet, and core shell areas. _ost of the rest of the reactor power

woule be deposited in the reflector and nearby borated water.

_.z.) Afterheat Generation Rates

The afterheat Feneration rates were taken from previous analyses of

the 710 Reactor. Figure 5.h.8 shows the core heating rate Cot various

times of operation versus time after shutdown.

5.3.6 Assessment of Problem Areas and Current State-of-the-Art

There are several problems in the nuclear design area for which suf-

ficient information for precise design is not available. None of these

problems appear to require more than normal experimental or analytical

work to resolve. These areas include power distributions, control system

worth, power perturbations due to control motion, temperature coefficients,

and safety analyses. A critical experiment pro£ram would provide much

of the needed information and, considerin_ the present state-of-the-art,

is an essential Dart of a preliminary desiFn e¢fort. Besides providi_c

a benchmark rot analysis, a critical experiment rroFram would rrovi,_c

cower distributions, critical mass, control system wortll, power _,erturba-

tions caused by control element motion, and other static room-tem[_erature

dsta.

AnalFsis would be necessary to compute temperature coefficients of

reactivity and other temperature-dependent effects. The experimental

determination of these items in a heated critical assembly reT_resents a

matter of economics rather than en_ineerinc necessity, since an ooeratin<

"710 Reactor Program, Progress Report No. lh," CE-N_PO, CE5_-363, June i,

1965, p. 5h-55.
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reactor test miFht I_rovide the information as quickly and as cheaply as

a heated critical exneriment.

Table 5.3.6 shows an example of the possible interplay between ex-

periment and analysis. Note that a reactor built with present knowledge

would have to have analytically predicted values for excess reactivity of

h._ percent Ak/k and for control system worth of 12.8 percent Ak/k to cive

reasonable assurance of operating properly. In the final desi£n phase,

these numbers might become 2.1 percent Ak/k a_d 5.1 _ercent _k/k, re-

spectively. The maximum reflector worth for the selected design is about

I0 oercent Ak/k which is less than that required usin_ concept phase

values. This does not mean that the design is not feasible, but that the

uncertainties must be reduced. It is expected that these uncertainties

can be reduced by refined analyses, supported with a critical experiment,

to the values s_ecified in the last column of Table 5.3.6.

5.3.7 Parametric Data- Figures

This section contains the rest of the parametric graphs described

in section 5.3.2, Figures 5.3.10 through 5.3.23. In these figures, VFstr/

VFvoid is the ratio of volume fraction of core structural material to the

volume fraction of core void, and pertains to the numbers shown on the

CUI'VeS.

5.h _IERMAL DESICN AND ANALYSIS

This section nresents the reactor thermal desi£n information, _ara-

metric data on reactor sizing, evaluat5on of the design, and assessment

of _roblems.

5.h.l Thermal Design Criteria

i. _4axim_m temperature for t_Je fuel is set by the limit estimated

for 1 percent calculated growth due to _aseous fission product

pressure in i000 hours of full-power operatiom. This capability

is not necessarily fully exploited.

2. Primary control of the radial temnerature profile will be by

means of hydraulic diameter variation from element to element

and, if necessary,, within individual elements. Fuel concentra-

tion variation may be used to accommodate specific _roblems unieue

to their a_plication.

5.4.2 Parametric Data

BLOWUP CYCLE

Preliminary phases of the blower cycle study indicated that core

diameters of approximately 30 inches were consistent with reactivity

requirements and flow areas that weuld make _ossible the achievement

of core pressure drops as low as 1.5 _ercent of the coolant _ressure

level. Coolant channel sizes would yield maximum fuel element surface

temperature of 2200°F for the average element in cores of this size. Es-

timates of potential local fuel element temperature levels were consistent

with the requirement of I000 hours of operation and fuel element growth of 1
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TABLE 5.3.6

REACTIVITY AND CONTROL SYSTEM REQUIREMENTS

Excess Reactivity or Control

System Worth, % 5k/k

Concept Final

Phase Design

Reactivity Requiremeuts

Fu(,l burnup (250,000 Mw-hours)

Doppler coefficient

Fuel element expansion

Total change during operation

Worst combination expected

Therefore: required excess reactivity (as-built)

Accuracy of prediction of excess reactivity

(concept phase has no design critical experi-

ment but final design does)

Design excess reactivity must be:

(To assure the required amount)

Control System Worth Requirements

Reactivity allowance

Minimum shutdown worth

Total control system worth

Accuracy of prediction of control system worth

Design control system worth

-(0.9 _0.2) -(0.9%0.1)

- (0.2 _= 0.2) -(0.2 ÷0.1)

- (0.3 :L 0.3) -(0.3 _0.1)

-(1.4 _0.4) -(1.4 _:0.2)

-1.8 -1.6

1.8 1.6

=L3.0 _0.5

4.8 _= 3.0 2.1 +0.5

7.8 2.6

2.0 2.0

9.8 4.6

:t 3.0 -_ 0.5

12.8 5.1



170
•,, p.,_NI:in_._T.__,.... _. ;

_=_T_ _,_L_'}_,_'_.. _'J_..

52

"5
E

_G

48

44

40

36

32

28

24

20

16

I

L'D = 1.0
I

VFuo2

VFMatrix
-0.6

!

VFStructure

_NOT ES:|. Radial reflector, 5" mol',bdenum; no . .

end reflectors except for front tube

sheet.

2. Fuel is 93,2% enriched UO2, 60% by

/

?,

volume in tungsten meat exdudi ng

clad. Structural material clad and

hex can surrounding fuel element) is

W- Re-Mo alloy.

Core length-to-diameter ratio = 1.

Void area includes clearances between --"

fuel elements as well as coolant

channel void.

J

J

f

J

12

100 2OO 3O0 400 500 600

Void area, square inches

Fig. 5.3.1 -Core diameter versus void area

700 800 900 950



Zone Thickness

cm

12.700

7. 366

12.700

2. 032

20.32

0.318

"L"

(Core Length)

6.668

10.16o

20.320

2.032

12.700

7.366

12.700

Figure 5.3.2

171

Shield

Structure

Borated

Water

Sheil

Void

End Plate

i ,

Nuclear Model for Parametric Study

Core

Nose Piece

Tube Sheet

Void

She] l

Borated

Water

Structure

Shield

c_

@

c_-
o
,._

09 i

¢t m o
¢D c_ ¢+ I

I'D

,t 12.700 23.880

(0.01,3k6 x D/2)

r.n

('D

Cu

7.366 12.700

" :'_ " _.....,",.]. :._ _iameter vary. to maintain

_k_,_ i:.IC'_g'(;_".--'_,[)--_i_:'J" r ratio and achieve a



172

Axial o

Distance 0
cm

12.700

• 399

44.069
44

Regions

120.586

127.174

137.414

166.624

167.259

169.799

182.499

-_O_O km

-4 ---.1 t.,o _

0

;o

Void

End Plate

Core

4567

Nose Piece

9

Tube Sheet

C_
c+

0

lO

t_
O

m
c_

O_

m
e+

Void

Shell

V
F-

F-

0
_D
_J

m

C

I"

C_

t_



173

l.,S

lO 20 Radius - cm 30

-"?':£i_

"_l i ,4 .....

NN_

gS4_=

o

;z::i:.,-'Iz

,-,-_-

• 70



174

10 20 30 LO 50

Dist_ce from front face of core - cm

6O 7O BO

Distance from front face of core - cm



'+:+"=?:P_+_:+++'_?"_t:C "¸ ,", ._2 _ +_'_

1013

1012

I

I0 I0 ..

lO 9

0

_._ 175
_]L_ _ J _,__:_._. ....._,....r- ,. ' + ,-: ,,

i : I ' II' I I _ , I

_LL........... 1....... [.... I .... _......... L , I

...... : t I ' ' . , ! ,_1 , - +! i + I

" / _ " _,....... I _"_"-_l.................. !--_- ........... _ _'-- ""+-- ........."+_ _- ..................I ,:

-I+ : ........ ,- ,- i.... I ............ ]-- --_ I I........... :....... _ ...... + ............

II1 I / ' I ' i , \ I: ',

.. ......_ ........................... _......+__ -I:......... ] ................ _+.......
................... I- .... Jr..... + .................. '- ...... _ .................

I_, ............................./_-- I -+_.............. , _ .... _-_-_x-U--- -q--, -i,,.... __L__ _..
......... . ........................... t+ ....................... _ ..... +...... ___

r+e-" + " + + i : ' _ i_, + - I ' +.... i .... ,-
I_Fi........................................... J ........... '--4 .+ +............ L +__

k I
I _.... i --' ...... _ .......... +, .....!++ , A !,

[-[-t .......... r ........... 1 ........... I .... ++ -- r .............. f: -4 ...... }......................

, , .k
_+_.... !....... !-: ....... _..............J ........... -i......... ,............ +L:___/.L__ __ _____u_
_-I-+............ t- --T I ........ -f .... -+.... + ......... _ .... _+._ I--.:_L-_.L_--___ .... +_--I---:_ +----.
_l _- : .... I- ........ _ ..... :...... _ ............... _........ i .......... !..... _ ..... _ --I-L .......

-t ......... +............................. +....... : ......... = -4 4_ .... 4- ..... _ __
' " + , +1 _ I J ll

............ I +- ................. -- _ .... + ....... I ....... I ......

I_ .... ! .......... : ...... +............ + _3,.... !..... '-4 ....
I •+ ; l + + + i i _ -: 1 .l : _ !, I

l .... _.... __............ J I ,. ._ . I _ t <_ It_ T
! i , , - ........ ", ...... _ o r +_ ........ _- _ _----1+ ......................... +_._, ...... ,__+]_. _7....... +_ ;_.T_ ....... t......

, i - - _ . i -. ._ +.m i " __ _1+-T .... _-:- ]---
I: ...... : ....... ; + +.......... : ...._--i ........ ++ _---t ......... +.....

" o ' • ....l-: .................. .. , ,_ + : PP,+, .
I _ . , - ..... - ......... _...... ,- Fr -'_"r ........... _.......

Ii '
20 hO 60 80 i00 120 I_0 160 i 2®

A._ial DIs't&nee - cm



176

o

._ o

1
F

t: i



o

177

o

I;;;] !

t_: a:

r_

ti+" :::i

.-.*etel _!Eti_

_N

oo

oo



,J_:=

_4

iE=

g_

2i

r:H:

-+_

!utxSt:f

:'.P?,ff.:f

:2''!

;;":-4

;ttu::_

ff+_-,!
;_ ::L4

_::!-Yl

;Fq:_q

'!:!!T

"_+tk%

I_14""

17-_4#:':

!i::I_!-
I:;,.u:q

I"--'M= E

I -d

p=_::!f!

I_ =:qt:

I_i;tP!:

L'_

H{-****t

r!t[!] i

_Ni!i

l_y

_n

m:tv2_q

:_t:tt,

e4.t_

tx_*iF

-: t:;r

L!j_.N

_qq

S;N:-_

-:'4X:

>.h£i

"t !t

!:ii,_

:ITq

::lie

t=:=:

_:17:

.4x

_:2h

L":_i2

_.

_52

:If, .-JF.: :_tlr;.

!tiiifi;_

:/: !]1_- "+. ....
?iig:_!

_p ....

' :i_'+

ii;!! :!

iJ:::!iE::i;2_:
il!:i::/:'-:ii{
:l:Ai; 'J:Li

o

:_;A_i:"l

.... 1....

:;::it=.:,:

::::z:;:.:

:!:g'_E

+: ::}2:.2

,:::I:::-

=--1.5:

-!

rl;ltlr

8

g



179

g

o
o

L,,--

o _,

°,_

o_

cd

-'2

I?!i
_N

_ji

i!i2

1

• _ _= _L:

_' !ii....!i'_:i)ii: i15 iil

o

oo

oo

o

O°_o



J

,a

:>

o

o

oo



'T _ i_li;:i _ _:._t_i

_:L -:i_:i _il: _¸ --

. . ;i_ii::L;

4;:,
.... i-: i-.- I--

=_ ; ! ii: ti' . i.-

i;1:_::,5_;i,iii_.......

-. ;...... i---

;i:t;i::-:÷:!: air- e-:u-

181

r_

r_

ff-:-

_!fLi:

r_ .:.

:!!I: :
.:!.-
-I

FI:]

-L-I

-T-
:! :2

Z-
"!

:

21 :

.Lt

] '
i,...I

:'_: ' iii il f!_:

-t-m, _

i 7_ :I ::

.TT ::

t-ia £!?!!:

i:i . 4

3 -4---_

N N

r. : ?:!!

:iii-

"" i

:; F:: _?::!C-_

i ,i i
i!iFq:i_-
't'! °

:::i:ii: ":
• i,o.

t i i

::L..i i

:I_;s

{

i

_ g

r:cF V:"]

:. 2:; '

i4_N

_N
!!_']

, !

!F:!

g;!::g-i]_]=:::-::_

:: !:;l

!i::i i

!4M

PI:!FI I

•.L..I I

;Li
-4"-'--I

s.oSouT 'g_g_r_Tp _oo .

":]!I_!i,,!-:_-_j :i_; ....

:!!_:_ . .

., _ .,'_4 '_

:r : :;;.

iN

r,:: ...

L

2
O



182

;le_ L

!'51

:'i_ _i_

_E

t_!! o::

i122

•_ _U,ft._

_i!i:fi; _, .....i_!iliiii it:i

i.f.i:,X_- _

.:!!!_!![_ _ .u=t:: i ':x

_ii!i i r " ;_t i::::

--_-- _¢i!!
•: :i:mi _-_t-= :-:.'=<m_: m_

X;<.'IX] ::=x,: ........

9

s@qou T '_a%_m's_p a_oD

_ NN

N

,. m

-.-m.*,

m

J



103

60

56

52

.z _0

_ 36

32

28

2O

16

12

i00 200 300 I_00 500 600

Void area, square inches

7OO 800 o00

?



184

rercent or less. ConfiGuration studJes indicated that it would be diffi-

cult to fit cores much larger than 30 inches in diameter within cavities

of the sizes indicated to be permissible relative to shield requirements.

It was further recognized that since the coolant is to be circulated by

an external blower, low core pressure drops are highly desirable. Accor-

dingly, parametric data were generated for nominal maximum fuel element

temperatures of 2200°F ± lO0°F and pressure dro_s of 1.5 percent and

higher.

The relationships of core fractional _ressure drop, fuel element sur-

face temperature, and required flow area are shown in Figure 5.4.1. The

fuel element surface temperature is the maximum value along the length

of an average coolant channel. The reference values used for evaluation

in this study are indicated. Geometrical characteristics must be con-

Sidered in relatin_ the thermal sizin_ data in Fiaurc 5.4.1 to core size

m;d reactivity, and to mechmlical characteristics such as fuel element

natural frequency and space utilization. The choice of fuel element sur-

face temperature for the specified coolant temperature rise alone the core

length (900 ° to 1800°F) determines a unique value of a parameter involv-

in_ core lenKth and flow ares (for a _iven mass f]ow rate) and coolant

channel hydraulic diameter. That _arameter and the selected value of

core fractional pressure drop determine unique sets of values of core

flow area and the length-diameter factor, L/DI.2, as shown in Ficure

5.h.l. For a given core length, each combination of _ressure drop and

surface temperature corresponds to a re0uired number of coolant channels

as illustrated in Vi_ure 5.h.2 where the data of Figure 5.4.1 are re-

peated at a reduced scale.

Since the number of coolant channels _er fuel element is limited to

certain values (i, 7, 19, 37, 61, 91, 127, etc.) the number of fuel ele-

ments required is also shown in Figure 5.h.2 as _ function of n_ber of

coolant channels with the number of channels _er fuel element as a _ara-

meter. For the core sizes of interest, approach to a circular boundary

requires that the choice of number of fuel e]ements be limited to cer-

tain values ste_ped by increments of 12, and in some instances by incre-

ments of 6. Of these, a limited number are preferred because lower ratios

of core envelope diameter to effective core diameter result.

Finally, the fuel element hexagonal width versus number o _ fuel ele-

ments is shown in Figure 5.4.2 with core effective dismeter as a _ara-

meter. The fuel element width is of interest as a factor in determin-

ing vibrational characteristics and temperature differences across the

width of a fuel element.

Volume available within the core for fuel element matrix material

is dependent ugon both the flow srea chosen and the volume occuDied by

structural materials, i.e., the hexagonal can and coolant channel tubes.

Volume fractions of the several core materials are shown in Figure 5.h.3

(for the same thermal conditions as shown in Figure 5.4.1) for a core whose

length and diameter are both 30 inches.

GAS GENERATOR CYCLE

Preliminary studies indicate_ that, for a 6as generator cycle with

heat exchanger inlet temperature of 1800°F a_d exit temperature of 900°F,
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core [nlt, L temperatures of about 12OO°F and exit temperatures of 2!O0°F

are of interest. Diameter and re0uired number of coolant channels, as

fu_ctions of surface temperature and core pressure drop, are shown by

dashed lines in Figure 5._.2, and composition of 29.9-inch-diameter, 30-inch-

long cores are shown in Figure 5.b.4.

DESIGN POINT DATA

Design data consistent with the reference design point shown in Fig-

ure 5.4.2 are given in Table 5.h.l. Claddin_ thickness is 0.010 inch.

The overall fuel element across-flats width is 1.730 inch. The nominal

cold gap between fuel elements is 0.10h inch.

5.b.3 Evaluation of Design

_JOP}.'AL OPEPATION

_ial Variations of Core Temperature

The effect of axial Dower distribution on fuel element axial maximum

surface temperature was investigated by computin_ the maximum temperature

corresponding to each of two preliminary axial power distributions shown

in Figure 5.h.5, estimated to be the extreme values for all radial posi-

tions in the core. The maximum temperatures show a variation of 31°F

for a total variation of maximum Dower of from 1.307 (reference design)

to 1.36 times the average. Data shown in section 5._.2 were _enerated

using the reference design Dower curve from Figure 5.h.5. These studies

indicate that nominal chanaes in computed or measured axial _ower distri-

bution relative to these curves may result in levels of _erformance that

differ slightly from those shown jn section 5.h.2.

Padia! Variations of Core Temperatures

The radial power of cores considered in this study can be 40 percent

or more higher at the core axis than the radial average. Since there

is a significant shortening of fuel element life with hi_her temperatures,

design control of radial variation of core temperatures is considered to

be necessary.

Two approaches are normally considered. Varyin_ the UO 2 fraction
within the fuel element matrix versus core radius reduces the average

fuel concentration within the core and increases the required core size.

The alternative approach proposed for this application utilizes a uni-

form UO 2 fraction but includes a hydraulic diameter variation with core

radius, i.e., larger than average coolant channels are used near the

core axis. Because this approach both reduces the volume of heat _ener-

ating matrix and increases the channel flow capability at the center of

the core, it has less effect on core size than varyin_ the fuel concen-

tration.

][.',-_.......,If% __." _ • _ ,._,_ _,.
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TABLE 5.4.1

THERMAL DESIGN POINT DATA

Reactor pressure loss (A p/p) 0. 015

Thermal power, Mw 250

Maximum pressure level, psia 1500

Temperatures, ° F

Reactor inlet 900

Reactor outlet 1800

Maximum fuel surface (avg) 2180

Maximum fuel internal (avg) 2298

Maximum internal rise (avg) 127

Helium flow rate, lb/sec 212.4

Active core dimensions, inches

Envelope diameter 31.2

Equivalent circular diameter 29.9

Length 30.0

Active core volume, in.3

Core volume fractions

Structure

Free flow and voids

Fueled matrix (95% of theoretical density)

Free flow area (hot), in. 2

Coolant channels per element

Elements per reactor

Channel diameter (cold), in.

Burnup in 1000 hours, fissions/cm 3

21,068

0. 103

0.478

0.419

1. 000

267.8

37

241

0.192

1.922 x 1020
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In addition to temperature, fuel element life denends unon matrix

fission density. Thus, using less than average temperatures in regions

of greater than average volumetric heatin_ rates will compensate for the

shorter life associated with the higher fission density. This can be

thought of as a "life flattening" approach in the sense that it gives

a more uniform fuel element life across the core radius.

Althou_h the actual choice of coolant channel sizes versus core radius

is denendent in detail unon several final design parameters such as radial

variation of Dower, combutations to demonstrate the magnitude of the re-

quired variations were completed as a Dart of this study. The radial power

distribution shown in Figure 5.3.4 of section 5.3 was utilized because it

is representative of the distribution expected with the side reflectors in

the most inward position. Curves of estimated life versus fuel element

temnerature with fission density[ as a narameter (section 5.2.2) for W -

60U02 (vol. %, 95_ of theoretical density) were used to comnute the re-

ouired radial variation of temperature for uniform lifetime, mot the

average fuel element, the life curves were entered at a temperature of

2500OF. The difference of 300°F above the previously discussed surface

temnerature of 2200°F was an arbitrary allowance for difference between

surface and matrix maximum temperatures includin_ temperature perturbations.

(The hot-spot analysis in this regort shows that such a large allowance

is not necessarily required.) For that temperature and a nreliminary es-

timate of average fission density, a life of 1760 hours was indicated.

The variation of temperature versus relative radial power was obtained

by a cross-plot of data taken for a life of 1760 hours, and is shown in

Figure 5.h.6.

In addition to the above data and the straicht-forward relationshins

of heat generatin_ volume versus coolant channel diameter, relationshins

between coolant channel diameter and heat removal capability of the coolant

as a function of surface temperature are required to select a radial sched-

ule of coolant channel diameters. _or purposes of reactor nhysics com_uta-

tions, the relationship between hydraulic diameter and channel heat re-

moval was approximated by assumin_ that channel heat removal was nropor-

tional to channel flow area. Rather than having temp_raturcs depressed

in the central regions to achieve "life flattening", later appropriate

data showed that this simplifying assumption results im a core that is

not quite temperature flattened. The core radial variation of hydraulic

diameters associated with the simnlifyin_ assumption is shown in Table

5.4.2 for the radial rezions used in the nuclear computations. The re-

sults further indicated that the largest channel s_ze wnuld have to be

increased by only a few thousandths of an inch to achieve radial life flat-

tening. The later calculations are those that would be used in a design

study and involve the same computational procedures as were used in _ener-

atin_ core parametric data (section 5.h.2) except that the same pressure

drop from the core inlet plenum to anoint at the coolant channel discharge

face was used as the notential for 4eterminine flow through each channel.

Final detailed analysis requires the use of different axial _ower distri-

butions for different radial regions.

These computations demonstrate the basic fiexibilJty of the channel

variation approach in achieving a radially "life flattened" core and
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TABLE 5.4.2

COR E R ADIAL CHARAC TERISTICS

Fuel

Element

Layer

Outer Radius,

inches

Number of

Fuel Elements

Per Layer

Channel

Diameter,

inches

1 (Core CL)

2

3

4

5

6

7

8

9

10 (Core edge)

0. 963

2. 548

4. 198

5. 858

7. 521

9.187

10. 853

12. 519

14. 186

14. 950

1

6

12

18

24

30

36

42

48

24

0. 2089

0. 2086

0.2077

0.2059

0.2033

0. 1990

0. 1934

0.1866

0. 1782

0. 1681
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indicate the magnitude of channel size variation required. De_endin_ on

several parameters such as core porosity, averaKe channel size, and number

of channels per element, modifications to this a_roach may be required,

as discussed under "Assessment of Problems" (section 5.4.4).

Fuel Element Hot Spot Temperature

Fuel element temperatures are affected by the factors discussed in

the following paragraphs and are summarized at the end of this discussion

of hot-spot temperature in Table 5.4.4.

Reactor Core Performance - Initial estimates of reactor core perfor-

mance as,a function of coolant temperature rize and pressure drop are re-

lated not only to flow area, hydraulic diameter, channel length, and max-

imum surface temperature of an average channel but also to the axial Rower

distribution and surface characteristics of heat transfer and friction

coefficients. The reference design that evolved from parametric studies

was predicted to require an average channel maximum surface temperature
of 2180°F.

Reactor Type and ConfiFuration - The 710 Pe_ctor utilizes a matrix

cermet pierced by circular coolant channels in a triangular array.

Coolant channels adjacent to the hexagonal outer claddin_ are bounded

by a matrix envelope that is rectangular rather than hexagonal as in the

case of inner coolant channels. Conventional desian _ractice in the 710

Program has been to select a channel pitch that provides the same amount

of heat generating matrix around all channels (except the six at the corners

of the hexagon). For the current reference design, the resultin_ fueled

meat thickness is such that the distance between the hexagonal side of

the matrix and the center of the first channel is 0.1221 inch as compared

with the normal internal half - Ditch of 0.1hll inch. Data have been re-

ported for internal temperature rises within heat generating solids sur-

roundin_ holes in a square array.1 Usina an equivalent s_uare to approxi-

mate the rectangular re_ion, the additional temperature rise over that for

a triangular array is 65OF. This value may be less in actual fuel elements

because of conduction within the outer hex-can material.

Current design practice is to maintain uniform coolant hole sizes

within a fuel element except for peripheral fuel elements bavin_ a reflec-

tor-_roduced Rower spike at the outer boundary. In the reeerence desi=n

considered here, some interior fuel elements experience a radial _ower

variation of t5 percent. Without accounting for conduction alleviation,

the corresponding temperature variation would be _90°F.

IE. _. Sparrow, "Temperature Distribution and Heat-Transfer Pesults for

an Internally Cooled, Heat Generatinq Solid," ,Tourna] of" Heat Transfer,

Vol. 82, Series C, No. h, November 196(I, _D. 389-392.
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l{:Ld]rl] now,'r dintril,utions chang{: durin_ t}_e oF.crationa] ]_Cctimo

bccr_u:<e of chanFe ill reflector posit_on and to a small extent because of

unequal burnup. The amount of power c]l_tnKe dur}n._ life was not com_uted

,furin_ t?:_s stud',', i_ a. chan_e of r,ower of 15 T,ercent were to occur in

one r_di_l location, the corres!_ond[n_ e}_an_e il'.eue.] element tem._erature

wculd Le o_bout °50°F. Simultaneous axial r.ower d_stri_ution chan_,es ma:T

cause some additional temperature chan_es.

._es_cn Choice for :Iominal Snec_fications - A major objective of the

design activities is to minimize contributions to fuel element temner-

atures arisin_ from inherent characteristics of the hnsic reactor tv_e.

This can be accomnlished in many ways, includine h>_drau]ic diameter varia-

tion to comnensate for core radial _ower dens_t.v _aristions. In concent,

temnerature _enalties associated w_th some characteristics c._n be reduced

to zero, but may actually only _e reduced to snail values consistent w_th

realistic de_rees of design complexity. Others, such as the radial mower

sw_nc, cannot be eliminated but resultin_ temperatures can be caused to

vary durin_ operatin_ life in such a manner that an objective "liCe-

flattened" average temnerature is ach_ev_d.

The objective of this section, then, is to indicate an estimate of

temmerature effects that remain after an a_ro_riate design is established.

The hasic assumption is that design values for coolant channel size can be

varied within any fuel element.

In high _ower density re,ions near the center of the core, internal

temperature rises are _reater than in re,ions of evera_e newer density.

The tem_erature rise in re,ions near the hexagonal boundary would also be

lar_er. A modification of the radial life flatten_n_ procedure as _re-

viousl)_ indicated in this re_ort, therefore, may be desirable. Instead

of adJustin_ coolant channel surface temperatures, a characteristic fuel

matrix temperature reflectin_ Dredictable temnerature variations within

individual fuel elements can be used to select the schedule of ch_nne!

di-_meters. As a _uide _n estimatinq a _raet_ea] _oal, a chan_e of 0.001

inch in hydraulic diameter corresnonds to less than 25°F in fuel element

temperature effect. The uncompensated temperature _enalty within a fuel

element due to the _radient in radial power density can be as much as 90°r;

if channel dimmeter variation within individual fuel elements is used,

that value can be reduced in practice to 25oF w_thout undue difficulty.

Established design nrocedure to compensate for r_(1_al power s_in_s

is to radially tailor the design (in ti_s case by channel diameter varia-

tion) so that temperatures of fuel elements ex_erienc_n_ the largest

_ower swin_ are eaual to the desired average over the core lifeti_e. In

this manner, the fuel material so affected wi]] or,crate at h_her than

average temperature and _ower densffty for half the lifetime, but lower

than average for the re_ainin_ half.

Effects of Fabrication Tolerances - Pesults of detailed assessment

of the potential effect of fabrication tolerances on fuel element tem-

peratures for other o_eratin_ modes of the same t3me of reactor core as

considered here have been previously reported. 2 A key result of that

2"710 Reactor Program, Progress Remort Eo. 9," GE-N_rf30, CEVP-3[_I,

July 31, 196h, _. h5-50.
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asst,s'mnent was that tolerances associated with the fabrication of i_,dividual

sc_.ments, i.e., drilled hole diameter and _ositJon, fuel concentration, den-

sJty, and Fuel dispersion, tended to _roduce relntive]._ small contributions

to local or "hot-spot" temperatures if actual values varied normally in such

a way that statistical avera_,in_ over the lenf_th of the +uel element was
a_licable. A second conclusion was that tolerances asstmled to ap_ly uni-

formly over the whole fuel element lenath, such as for variations in tube

:.'allthickness, were _otentially of most concern. Finall?[, the matrix con-

ductivity relative to the oower level was hi<h enou<h that hot s_ots would

be reduced or alleviated by about 70 percent by conduction of heat to sur-

roundin_ warm soots, a_.ain with the assumption of an effective normal dis-

tribution of combination of tolerance effects.

Effects of fabrication tolerances on remlired fuel element tempera-

tures are shown in Table 5.4.3. The data tabulated were com_uted usinc

equations and curves from the earlier study cited which, except for some

extrapolations, are e0ually applicable to this study. Basic assumptions

included a linearization of temperature _erturbation versus causative

tolerance and normal distribution of dimensions amon< 30 fueled seaments

used to make uD the length of one fuel element. Numbers in co!umJ_ "C"

of Table 5._.3 are the _roducts of m_bers in columns "A" and "B", and

the sums of nominal temperature rises (for this a_lJcation the components

of the sum are coolant: 673°F, surface to coolant: 627°F, _id internal:

lO_OF).

The si_nit'icance of the data shown in Table 5.1_.3 is that a temper-

ature eerturbation due to fabrication tolerances is expected to be less

than 80°F for the tolerances shown. Thus, a small life-performanc e

penalty can be imposed or tolerances can be increased, if needed, to re-

duce Fabrication costs with small additional penalties. Although not

critical with re_ard to these data, the normal expectation with this

number of factors is that the statistical sum will tend to more closely

aD_ly than the arithmetic sum. Pelative to the previous studies, the
effect of alleviation is expected to be reduced because of a hi,bar core

_orosity and volumetric _ower density. Hence, alleviation of only a few

tens of °F can be sntici_ated.

Desi<n Uncertainties - Uncertainties in temperature oreS_ctions wil]
remain even after the most careful desiqn. These are associated with un-

certainties in power distribution measurements and coolant heat remow_l

characteristics. Power distribution measurement accuracy such that axial]_ _

integrated average Dower for 8. £ivcn radial location has an uncertainty of
±I _ercent is considered achievable. This corresponds to a temperature

uncertainty of iI7°F. An additional allowance of 8°F Cor uncertainty in

measurement of local power density reauires a total allowance of 25°F for

power measurement tolerances. Design comnensation for power swings ini-

tially requires analytical prediction followed by later measurements in
end-of-life cores. An uncertainty a]lowance for the lifetime average is

required. An allowance of 2 percent or 35°F s_ears to be a reasonable

target.

Allowance for uncertainties of 5 to I0 nercent in friction factor

and heat transfer coefficients are necessary, regardless of the reactor

ty_e. Correspondin_ temperature uncertainties are hoof to 80°F and 30°F

to 6C°F, respectively. A couplin_ between friction factor and heat
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transfer coefficient is normally believed to exist% i.e., if the friction

factor is high the heat transfer coefficient is also hJ_h but by a lesser

amount. If there is a statistical distribution amon_ the channels within

a fuel element, some alleviation by conduction to adjacent channels :_Jll

occur. A combined uncertainty allowance of 50°F is bel_eve_ to be reason-

able until exwerimental data for the s_ecific fuel element is obtained.

Control System Tolerance and Uncertainty - Fuel element temperatures

are determined by the onerating temperatures of the coolant which, in turn,

are determined by the control system. A tolerance would be required for

the measurement uncertainty of the sensor, e.g., core exit temoerature

thermocouple. Realistic tolerances are of the order of ±I to 2 wercent.

A control system operational limit of ±i percent is also required. Hence,

a temperature uncertainty allowance of 25°F with a variation of ±20°F

throughout normal lifetime is believed to be within current state-of-the-art.

Summary - Statistical combination should be appropriate for tolerances

and uncertainties w_th the followin_ result (arithmetic sum shown for com-

oarison):

Source of UncertaintK

_abrication tolerances

Power uncertainty

Power swing design uncertainty

Friction and heat transfer

Control sensor

Statistical sum

Estimate4 Fffect, of

35 (arithmetic 7_)

25
35

5O

82 (arithmetic ,_jj

An overall summary of all temperature perturbation ecfects is shown

in Table 5.4.h. The data show that, with the n vera_e channel maximum

matrix temperature of 229_oF, a local hot-s_ot tem_ersture of 2h70 °=

(2300°F + 170°F) averaged over the o_eratin¢ ]Jfe can be expected]. If

the hot s_ot should be in a re<ion of maximum .ower swing for t?_e a-_riorJ

values _resumed, an additional variation of ±150°F could occur, i.e.,

between 2320°F and 2620 °_. The number in parentheses, 450°v, Jr_stead o_"

the exnected value of 170°F, is a value that coulr_ occur iP only minimum

attention is _iven to design refinement (i.e., if tolerances an¢] uncer-

tainty effects were not random variations such t}st the.'..,must },e ';ummed

arithmetically). Hence, the value of hh0°F re_resents :_ rer.d_y mc_!iev-

able system. Reduction from 450°F to ]70°F is -,.chJ_w_,b!e with careful

design and procedures. The design complexity increases as the 17OCF figure

is approact_ed, and the compl_xity required to achieve reductio:_ below

the 170°F value reouires that careful study be made of whether the in-

creased lifetime to be expected is wortL the additional fabrication, in-

spectJo],, and assembly costs that might be required.

TPANSIENTS

Temperatures durin_ transients were not evaluated except for shut-

down transients re_orted in section 5.6. Other transient temr_erature

predictions become meaningful only after the Dower_lamt, control systems,

and nroposed operatin_ procedures are delineated. All that can %e indi-

cated quantitatively, a'. :._. . :, L ,. _ :_te and magnitude of
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tem_erature chan_es followin_, a ste_wise :_ower re(h_ct :ion of less than

about 70 _ercent (i.e., to 30 percent of o_eratin_ _ower) will be less

than indicated in section 5.6 even if the coolant flow rate is not reduce@.

OualStat_vely, it can be note@ that the addition of _ower pulses without

increase of flow rate will renuire com_utations to determine rermissible

magnitudes and durations de_endin_ on the response of fuel elements near

the core axis. Similarly, calcu]ations are reauired to assess limitin_

times for coolant flow increase delays relative to ste_ increases Jn _ower.

In all cases, core temcerature distributions must be studied to identify

possible excessive fuel element bowir.._.

A,_fERHEAT TE_@PERATURES

Afterheat temperatures during an accident situation leading to core

meltdown without aftercoo]in_ are discussed in section 5.6. _or non-ac-

cident situations, aftercooling will _e needed either continuously or in-

termittently after shutdown until the afterheat can be transferred by ra-

diation and conduction to surrounding components without exceedin_ their

permissible temperature levels. In a previous study of a core of approx-

imately the same size, it was shown that aftercooling was reauired until

the reactor power had decreased to 67 kw.3 This corresponds to 0.027 per-

cent of operating power for this application. Afterheat data (Figure

5.4.8) reveal that, if 1000-hour operation were specified, aftercooling

by gas circulation would be required for about 2500 hours. E_en though

detailed calculations for the aircraft system may result in somewhat higher

afterheat power levels and shorter times (primarily because of the heat

absorption capability of the shield) the problem of supplying coolant

flow for long time periods will remain with only reductions in the time

required. Natural convection flows may enhance the transport of heat

from the reactor core.

keactor core temperatures were calculated assuminK operatJnK pressure

and full flow conditions for the first 20 seconds after a 2 percent re-

activit)" insertion following i000 hours of operation as a part of the

accident studies reported in section 5.6. Temperatures were computed at

ten axial stations within each of ten radial re_ions. Flow distribution

_monm the radial regions was assumeO to be unchanced from the steady oper-

atin_ distribution. Radial conduction within regions and between adjacent

regions was simulated by pseudo values of thermal conductivity to account

for effects of the fuel element material composition. Radial variation

in thermal storage capacity was represented hy using different effective

specific neat versus temperature data for each region. A radial Jratrix

heating curve with a peak-to-average value of 1.65 was used. Axially,

the heat generation was represented by on approximation to a 2:] sine

curve. Coolant inlet temperature was maintained constant at 900°F.

Temperatures computed are shown in Figure 5.h.7 as a function of

radial position in the core with time after shutdown as a parameter. The

data in this figure is for an axial fractional distance, X/L, of 0.95.

3"Design Criteria for a Fast Energy Spectrum Nuclear hocker Engine, Vol.

VI - Controls and Aftercoolin_ Studies," RPL-TDP-6h-17, CE-NS_O, CF5_-250,

December 1963, p. 27.



196

Desi6n study assessment using these tem],t'r_:.t_res or temper_,,tures

from more refined computations (i.e., including_ flow redistribution) will

be required to determine whether fu_l element clearance is maintained

during this time period. Temperature _radicnts within fuel elements will

be less titan shown in Figure 9.h.7 if separation is maintained because

of temperature discontinuities across the Karts.

It is assumed that system considerations wJ]l warrant a minimization

of ener_ required for coolant circulation durinC aftercoolin_, which im-

plies a minimization of coolant flow rate. Dur:in_< the 20-second time

meriod studied, the flow rate could have been reduced as the afterheat

mower level decreased with maintenance of fue] element temperatures at or

near design value. Althou_h analysis _s required, it is anticinated that

fuel element temperatures approximatin_ oneratinc values can be maintained

during the initial aftercoolin_ _li]e reducin_ the flow rate apmroximately

in proportion to the afterheat _ower level without introducin_ unacceptable

radial variations of core temperature. Continued reduction o¢ flow while

maintainin_ elevated temperatures will result in Tzassin_ through _ mixed

flow condition (turbulent inlet flow 8nd laminar exit flow) to an all-

laminar omeration. This introduces additional eonsi_ergtions because the

laws _overning flow distribution with laminar _low are different from

those for turbulent flow; i.e., for the same coolant exit temperature,

relatively more coo!_t _asses through channels w:th lar_er than average

diameter durin{ laminar flow than durin_ turbulent flow.

As the afterheat _ower level decreases, the transfer of heat to com-

ponents adjacent to the core becomes relatively more significant.

Afterheat Power

Afterheat power used in this study is sho%bJ in Figure 5.4.8. It was

obtained by summation of data generated in a nuclear rocket study, h The

total fission product _ower release followin_ 10CO n0drs of reactor oper-

ating time was added to the del8yed neutron power release followinc a

negative reactivity insertion of 2 nercent.

5.h.4 Assessment of Problems

The followin_ _rollems have been ideni,_eie_l from the therma] ans!?'sis

study :

i. _'_nim_m li_<_ent thickness limitation introduces a limit on the

s_ount of rad:ial tem_erature tailor_n_ that can be accom_l_shed

by the _referred method of hydraul_c die,meter variation. This

problem is relatively minor in the present case and can be over-

come by local reduction in UO 2 volume content in the region af-

fected. This characteristic is inherent in hi6h porosity cores,

and would become more res'trictive should there be a necessity to

use core sizes larger than that for the present design conditions.

2. Adequacy of clearances between fuel elements should be established

by further analysis of the bowing of fuel elements to be expected

4"Aftercooling Requirements for a Fast Energy Spectrum Nuclear Rocket

Engine," Air Force Rocket Propulsion Laboratory, AFRPL-TR-65-196, Octo-

ber 1965, pp. I0, ii, 19, 20.
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during steady-state op_bi ............. _ .._nsients. Permanent

growth due to accumulation of gaseous fission products must be

considered as it affects bowing during steady-state operation.

Elimination of any bowing that may be present in normal opera-

tion could cause relative movement during transients when after-

cooling flow is larger than the afterheat generation rate or,

if hydraulic diameter variation within a fuel element is used,

from mismatch of cooling and heating rates after shutdown. This

evaluation is necessary not only to establish that adjacent fuel

elements will not interfere with one another but also to provide

the basis for determining the magnitude of reactivity effects

to be expected.

Aftercooling analyses are required to establish the Dower re-

quirements and _referred methods of aftercooling through the

time period until active afterceolinK can be discontinued.

5.5 S_._I_Y TABULATION OF REACTOR DATA

A summary of pertinent design values for the reactor assembly is g_ven

in Table 5.5.1. Tile rml6e shom_ for loop pressure loss represents the un-

certainty associated with non-reactor losses; accordingly, the blower horse-

power covers a corresponding range. Other values are those either speci-

fied hy the design requirements or derived during the course of the _resent

s_udy. The value of excess reactivity available in the assembly is not

explicitly stated because of the _icertainties that must be considered at

this stage of analysis, although the calculated excess of 9.8 percent is

believed to be adequate for providing the necessary nuclear lifetime even

if most of the uncertainties should be resolved unfavorably.

State-of-the-art values are compared with design values separately

in Table 5.5.2 for items of particular interest or which may ultimately

establish design criteria. This tabulation shows that the state-of-the-

art values are equal to or better than the design values for all items

listed except for the system pressure level and for the containment vessel

temperature. The state-of-the-art pressure level is shown (in section h)

to be less than 500 psia for blowers which have been or are currently under

development. The containment vessel temperature capability is limited by

the conditions imposed after a crasL in which a pressure of 1500 psi must

be contained for i000 minutes with the vessel at 3000°F and in an oxidizin£

atmosphere.

The demonstrated fission density in the fueled meat, while equalin_

the average value imposed in the current application, requires some emgi-

neering interpretation by application of refined analysis techniques to

account either for shape factors (because of the geometry of the specimen

used in the test) or for the trade-off in time versus temperature effects.

The only significant uncertainty is the effect of irradiation upon the

creep properties and ductility of the W matrix material. Thus, while it

is believed that the design value of fission density is well within current

state-of-the-art capability, the test results available do not duplicate

all the conditions expected in the design and proof testing is required

to eliminate the need for any interpretive extensions or interpolations

of the available data.

' "__ _:" .%:....d
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TABLE 5.5.1

DESIGN VALUES FOR REACTOR ASSEMBLY

Loop pressure loss (Ap/p) .................. 0. 045 - 0. 080

Blower power, hp .......................... 11, 000 - 20,000

Reactor pressure loss, (Ap/p) .............. 0.015

Total loss in containment vessel (A p/p) ...... 0. 030 - 0. 038

Thermal power, Mw ....................... 250

Maximum pressure level, psia .............. 1500

Temperature, °F

Helium, reactor inlet ..................... 900

reactor outlet .................... 1800

Maximum fuel surface (avg.) .............. 2180

Maximum fuel internal (avg.) .............. 2298

Maximum internal rise (avg.) ............. 127

Helium flow rate, lb/sec .................... 212.4

Active core dimensions, in.

Envelope diameter ........................ 31.2

Equivaleat circular diameter .............. 29.9

Length, active core ...................... 30.0

Total including front tube sheet .... 36.7

Radial reflector thickness ................. 5.0

Core volume fractions

Structure ...............................

Free flow and voids ......................

Fueled matrix (95% of theor, density) ......

Total ...................................

Active core volume, in. 3 ...................

Free flow area (hot), in. 2 ...................

Coolant channels per element ................

Elements per reactor .......................

Fuel element pitch, in ......................

Fuel element across-flats width, in ..........

Coolant channel pitch, in ....................

Coolant channel diameter (cold), in ...........

Fuel cladding thickness, in ..................

Average Burnup in 1000 hours, fissions/cm3..

0. 103

0.478

0.419

1. 000

21,068

267.8

37

241

1.834

1.730

0.2821

0.192

0.010

1. 922 x 1020
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TABLE 5- 5-2

COMPARISON OF STATE-OF-THE-ART AND DEglC.N VALUES

(State-Of-The-Art for Individual Items Only)

State-of-the -

Art Value*

Desicn

Value

Circulator discharge pressure level, psia

Reactor inlet temperature, OF

Maximum fuel surface temperature (avg.), OF

Maximum fuel internal temperature (avg.), OF

Fuel element lifetime, hr

Structure lifetime, hr

Containment vessel temperature, OF

Equivalent circular diameter of core, in.

Length of fuel element

UO 2 concentration in cermet, vol %

Cladding thickness, in.

Coolant channel diameter, in.

Flat width of fuel element, in.

Burnup in 1000 hours (ava.), fissions/cm 3

Number of reactor fuel-power cycles

*Demonstrated or deduced from related data.

not necessarily in combination.

a.

500 a 1500

%llOOb 900

>3000 c 2180

>2700 d 2300

>2000 e >i000

>2000 f 2000

<3000g 3000
30-35 h 3O

i 3O

60J 60

0.010 k 0.010

>0.035 in. £ 0.168-0.209

i 1.73

m 1.922 x 10211

n 200

Values apply individually,

Value from circulating system component limit assuming sealed, oil-

lubricated bearing.

b. Based on nonrefractory (Inconel 625) front tube sheet; higner value

possible with refractory material.

c. Higher values possible for shorter times. Limit set by metallurgical

effects involving the cladding.

d. Set by arbitrary limit of 1% calculated growth due to fission product

pressure at design value of power density for I000 hours.

e. Estimated based upon limit from growth due to fission gas presstu-e.

Presumes good design to limit hot channel effects so that perturbation

is less than 200°F.

f. Value subject to details of final design.

g. Conventional oxidation-resistant structural materials melt at temper-

atures below 3000°F; thickness of shell acting as strength member may

be larger than desired in order to meet the specified conditions to

be imposed after crash.

h. Feasibility of reflector control uncertain for core sizes above this

value. Different control method would significantly affect the struc-

tural arrangement and design.

i. Limiting value has not been identified; have been fabricated to 14.77

in. length, 1.426 in. across-flats.

j. Higher concentration (to 70 vol %) may be possible dependent upon

ability to maintain continuity of W matrix in the cermet.

k. Thinner claddings may be possible in future designs depending upon

quality of available sheet and tube stock.

£. Range demonstratea by actual fabrication and non-nuclear testing.



204

m. Vt_lue subject to operating temperature; see Figure 3.2.13 for avail-

able test results. These results, bein_ from test samples as Dart of

the 14_j_O High-Temperature Materials Program, are considered to be in-

dicative of the minimum capability to be expected when the appropriate

fuel element geometry and design is used. EfCects of temperature and

power distribution are such that use of averace burnup at maximum tem-

perature (2h68°F) is more life-limiting than where maximum burnup at

2360°F occurs.

n. Test results on a similar geometry have demonstrated ability to cycle

from 3000OF to 500°F for 50 plus cycles without deleterious results;

test is still in progress. Metallurgical samples have been subjected

to un to h00 cycles.
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5.0 OVEHALL ASSI']SS}rEi,I']]AND DISCUSSION

This section summarizes the status of the areas of internist with re-

s._ect to the design renuirements for aircraft application, current state-

of-the-art, and additional work required.

5 •6.1 },;aterials

FUEL ELE_{NT

The temperature levels required for the fuel materials in the pro-

posed aesign are appreciably lower tha_ the levels of the majority of the

research and development work which has been conducted or which is cur-

rently in progress at GE-II_O. Retention of fuel and fission products

has been demonstrated at 2900°F for over 3000 hours and at 3600°F for at

least i000 hours, whereas the present design requires a maximum surface

temperature of only 2200°F for the average element, with hot channels

reaching no more tha_i 2400 ° to 2600°F, de_ending upon the degree of de-

sign sophistication incorporated to control the magnitude of perturbations.

The burnup level required in the design, an average of about 2 x 1020

fissicns/cm 3 in i000 hours, is _reater than that of the current fuel ele-

ment development program for the space cower application of the 710 Reactor,

but is in the r_ige of burnup levels obtained successfully in a test u_laer

the High-Temperature _'aterials Program at CE-N_PO. Since hicher 1:,urnu:_

cm_ be achieved at the lower temperatures of the aircraft a_plication, the

data e.ccumulated to date (see section 3.2), together with the azle.lysis c f

growth of the fueled material due to fission product _ases (see section

5.2.2), provide a relatively high decree of assurance of achievin_ at

least I000 hours' lifetime and, with careful design to restrict the mag-

nitude of temperature r,crturbatJons, cromise of 2000 hours or more.

The excellent stability of the fuel, as demonstrated by the W-Re-Mo-

clad W-UO 2 fuel elements, depends, among other factors, upon maintainin6

stoichiometric UO o. Procedures have been developed at GE-N},_PO for con-

trolling the stoi_hiometry of UO 2 during fabrication within the limits

of measurement capability, and tests have shown that the diffusion ra_e

of oxygen through claadings of W or [{e or their alloys, including Mo, is

sufficiently low at high temperatures that stoichiometry ca_i be maintained

during operation.

Procedures have been developed at G]]-N_TO for fabricating the recom-

mended fuel into the fuel element geometry for this application.

STRUCTURAL MATERIALS

Inconel 625 has been found to meet the desi6n reouirements of the

structural components of the reactor assembly. Irradiation effects data

show that it can withstand the relatively high neutron dosage for the

present application, and no problem is _xpected to stem from its use.

The containment vessel can be of either T-ill or T-222. A thickness

of 6 inches is estimated as necessary to meet the post-crash design

requirements; the requirement of 3000°F is the most restrictive in es-

tablishing the thickness requirement. Fabrication procedures must be de-

veio_ed for such thicknesses. Tile valve closure for the containm_nt snell
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would be made of the same material and would require at least the same

thickness. 0xidation-resistant materials for cladding the containment

vessel have not been identified in the present study, because all ordi-

narily used oxidation-resistant cladding materials have melting points

below 3000OF. Further work is required to identify the oxidation-resis-

tant material and the method of applying it to the containment vessel.

5.6.2 Reactor Assembly _id Reactivity Control

In this study, a concept was evolved of using the containment vessel

as the reactor pressure vessel for normal operation; this produces the

following advantages:

I. A reflector control based upon neutron leakage variation is possi-

ble even for the size of reactor required for aircraft application.

This greatly simplifies the mechanical arrangement of the control

actuators and avoids any structural complication that would be as-

sociated with the use of poison control rods within the active

core (e.g., a center island containing a moderating material to

make poison control feasible).

2. The reflector control segments can operate while immersed in the

borated shield water. Control worth is not significantly penalized

even though the shield water has free access to the structural

cylinder immediately outside the active core. There is no need

for waste void to allow for displacement of the reflector segments.

3. The gas ducts from the containment vessel to the reactor are

pressure-balanced; i.e., the external pressure in the shield water

is the same as the internal gas pressure. In addition, the struc-

tural portions of the ducts can be cooled by the shield water (the

design provides forced circulation) so that thermal expansion

strains are restricted to a relatively low magnitude. Many small

convoluted ducts are possible, therefore, with the result that

radiation streaming through the shield because of duct penetra-

tions can be reduced with a relatively large degree of design

flexibility.

These advantages are counterbalanced by the need for attention in the

following areas:

i,

o

A pressure-balance system is required to maintain shield water

pressure equal to gas pressure (within a tolerance of about 200

psia) during normal operation, startup, and shutdown.

The need to drain the shield water from the containment vessel

removes the cooling water from the ducting. This places a re-

striction on the gas temperatures that can be permitted during

aftercooling, unless a special water cooling circuit is provided

specifically for the ducting. Consideration of long-time after-

shutdown aftercooling needs indicates the desirability of such

an approach in the interest of economy.

Because these conce_ts are uniquely derived for the present applica-

tion, there are no specific engineering test results to support the de-

sign. Accordingly, while the feasibility is not questioned, component
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tests are required to demonstrate that the concepts can be made to per-

form their required functions. Specific areas requiring work are:

i. Development of the pressure-balancing system to equalize shield-

water and gas pressures both for normal operation and for transients

required during shutdown of the reactor.

2. Development of the valve for the containment vessel closure, in-

cluding the actuator and valve seat, for conditions that duplicate

those expected when the containment vessel is performing its post-
crash function.

3. A critical experiment to determine the reflector control worth as

a function of angular displacement and to measure the effect of

immersing the radial reflector in borated water.

4. Determination of the mechanical properties and fabrication pro-

cedures for the containment vessel material in the thicknesses

required.

5. Design and test of the insulation to be used on the gas-side of

the ducts that are cooled by shield water.

6. Development of the control actuator for the specific environment

(i.e., immersion in the pressurized shield water) and to establish

the necessary reliability of operation for the specific design to

be used (electrical components, structure, coolant flow passages,

and bearings).

7. Evaluation of the need for a rear tube sheet, considering fuel

element vibration and bowing effects. Also experimental tests,

if necessary, to demonstrate the vibration characteristics of the

fUel-element - tube-sheet assembly.

5.6.3 Fuel Elements

The fuel element design for the aircraft application introduces no

new features and is a relatively straight-forward application of design

concepts that have been evolved during the previous work on the 710 Eeactor

concept. Suitability of the materials for meeting the aircraft design re-

quirements is discussed in section 5.6.1. Hydraulic diameter variation

between fuel elements is required, depending upon the radial position of

the element in the reactor, to achieve the lifetime requirement. Because

of the relatively high porosity of the average fuel element, those in the

central region of the core may require a reduced fuel concentration to

augment the hydraulic diameter variation for tailoring the radial tem-

perature profile.

More detailed evaluation of the amount of bowing to be expected is

required, considering both the temperature differentials across a single

element and the differential permanent growth because of the radial Dower

density gradient. Depending upon the results of this evaluation, use of

hydraulic diameter variation within individual fuel elements may be de-

sirable. Fabrication procedures are adaptable without difficulty to ac-

complish the hydraulic diameter variation in either case.

Since the fuel,element materials proposed for the aircraft applica-

tion may have a lifetime capability significantly greater than the lO00-

hour design requirement, in-pile tests of specimens duplicating the geo-

metric characteristics of the fuel element design should be conducted.
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5._,.h [,!u_lti]_]ic_,tio_ C<u,._,tarlt of Worst Configuration Affter Cr:_._}l

The mechanical intearity of the reactor core is presumea to be de-

stroyed in the event of a crash. Under this presumption, it is necessary

to determine if the resulting disassembly car. take the form of a nuclear]y

critical mass that would significarJtly increase the energy that must be

contained by the containment vessel. Purely n'_echanical re-arrangement of

the disrupted parts Jmto a critical assembly, wh:ile conceivable, is highly

unlikely anu of less concern than the re-arrangement that can occur if the

reactor were to melt. Even melting would be of minimum concern if the

amount of material in the molten form did not resch that of a critical

mass. Preliminary calculations with simplifyi:_ assumptions* indicated

that the entrap/ release by sfterheat could, in the absence of any energy

removal mechanism, melt the core witl_in hO seccnds and vaporize it within

_00 seconds. Accordi_:£ly, a study was made to d_termine the amount of

the core in the solid, molten, and vaT_orized state as a function of time

after shut_own, and to determine the critical masses of various possible

compositions of the molten material.

i_i the thermal analysis, the effect of usin_ full-flow aftercooling

for O, iO, and 20 seconds after shutdown was evaluated; also, because

the fuel matrix power density was estimated to vary within the core from

i to 4 times the minimum, the effect of power distribution u_on local

afterneat ceneration rates was included. The Transient }{eat Tre_nsfer

•;_-Cj commuter code was used with i00 core and i00 coolant nodes to

ide_tify the transient temperature distribution during the flow periods.

Flow distribution among the coolant cha_mels was assumed to remain the

ss,._e as for normal operation. Exploratory com_mzatioP_ usin¢ the s_me

code after cessation of flow inuicated that computational costs would

be relatively high. Accordingly, the data cont_ined in that proKram

were used to compute molten and vaporized fractions assumin_ no heat

transfer between nodes; this assumption closel), approximates the actual

problem soon after shutdown when the afterheat power is high. At later

times, the heat transfer problem becomes more complex than the Ti!T-C

model used because of vapor and liquid transport. The UO 2 and W-metal

matrix were assumed to remain in local contact an_ a_ the same tempera-

ture until the UO 2 vaporized. The vaporization temperature asstamed was

the normal boiling point of UO 2 at 1 atmosphere. The cumulated after-

heat energy as a function of time after shutdown, derived by integratin_

the afterheat power generation rates, is shown in Figure 5.().i.

The results of the analysis are given in Figure 5.6.2. Fuel fract!cr;

im the molten and vaporized states is show_ as a function of time after

the insertion of 2 percent Ak/k shutdown mar_in. The data show that

aftercooling with full flow for up to 20 seconds has little effect on

the fraction of core which can exist in the molten state: the analysis

indicates between 70 and 80 percent. Longer periods will be recuired

to achieve appreciable reduction in the molten fraction, but this would

not be possible if the containment vessel valves were closed within the

20-second time limit s_ecified by the design requirement (section I).

*Involving, among others, adiabatic conditions for the core.
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For comparison with the amount of material in the molten qtatt, the

critical masses were determined for various possible compositions of the

molten material 00UO 2 (vol ,0), UO;_, and U metal], assuming spherical

geometry without with a reflector [6 inches of W). The use of the

spherical model is for convenience alone and is not intended to repre-

sent the condition to be expected, since the actual case will depend upon

the geometry of shield material surrounding the active core. The results,

given in Table 5.6.1, show that an unreflected sphere of solid W - 60UO 2

(vol /o) is critical with less than 30 percent of the core fuel inventory;

when reflected with 6 inches of W, a sphere of about 12 percent of the

core mass would be critical. Should the UO 2 and W segregate while in the

molten state, the critical masses are appreciably smaller.

These data show that the occurrence of a super-critical mass must be

considered credible until a better definition of possible re-arrangement

of molten fuel can be established, and until this is done, no conclusion

can be reached with regard to whether the possibility can be avoided. It

should be noted that the thermal calculations were made using an analyti-

cal model in which all the components retain their geometrical form. and

location; in actuality, the crash loads will probably cause significant

eisruption, allowing heat flow along paths not yet considered, and the

molten fuel will pass from the reactor and collect in various portions

of ti_e snieid in such a manner that the idealized spherical arrangement

i_ not iihely. The shield geometry is very important in this regard:

for exar, ple, the W can be in the form of spheres (or other preferred

geometric shapes yielding the desired shield-water - W volume fractions)

so that the molten fuel flows into the interstices and the shield material

becomes an effective diluent. Therefore, the results of the present study

should be considered as providing a base point from which further studies

should be made.
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FIGURE 5.6.1 - Afterheat enerc(y as a f.up,ction of time after shutdcwn
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APPENDIX A - COMPILATION OF MATERIALS DATA

This appendix contains supplementary materials data for the candidate

materials for the various system components. Althougil there is consider-

able variation in literature values of some of the _roperties, the data

contained herein are believed to be reasonably re_r,:sentative and satis-

factory for preliminary evaluation purposes. In th(: ca_e of the mechanical

strength properties, however, it should be noted that these properties

are normally quite sensitive to prior history (i.e., heat treatment, cold

work, etc.), to the form of the product (i.e., sheet, plate, rod, or tube),

the thickness, and the source of the material. Consequently, the mechan-

ical properties should be regarded only as a "typical set" of data for

the material concerned.

For many of the materials, the Aerospace Structural Metals Handbook*

m_d other references listed in this appendix provide more detailed infor-

mat ion.

*ASD-TDR-741, Volumes I and II, and Volume II, Non-F_;rrous Alloys,

Supplement I.



214

TABLE A1.1

PROPERTIES OF CANDIDATE FUEL ELEMENT MATERIALS

Density, Melting

Material Composition, wt. % lb/in 3 Range, °F Reference

Tantalum 99.8 Ta a 0. 600 5425 b

T-111 Ta - 8W - 2.4Hf 0. 604 5400 (est) b

NMP-256 W - 29.5Re - 18.2Mo 0. 608 5252 - 5432

NMP-306 W - 35.3Re - 18.2Mo 0. 616 5072 - 5252

Mo - 50Re Mo - 48Re 0.496 4622 c

W - 60UO 2 W - 46UO 2 0.516 d

Mo - 60UO 2 Mo - 61.7UO 2 0.385 d
W 99.9W a 0.697 6170 b

Re 99.9Re a 0. 759 5788 c

Mo 99.9Mo a 0. 369 4334 - 4370 b

UO 2 0. 396

aCommercial purity

bAerospace Structural Metals Handbook, ASD-TDR-63-741,

Volume II

c"Chase Rhenium and Rhenium Alloys," Chase Brass and Copper Co.,

Waterbury, Conn.
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TABLE A3.1

PROPERTIES OF CANDIDATE REFLECTOR MATERIALS

Material

Density, Melting

Composition, a wt °/o lb/in 3 Range, °F Reference

Beryllium

Beryllium Oxide

Molybdenum

99.8 0.067 2355 - 2365

99.9 0.107 b 4620

99.9 0.369 4334 - 4370

C

C

aCommercial purity

bpractical density; theoretical density = 0. 109

CAerospace Structural Metals Handbook, ASD-TDR-63-741, Volume II
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